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PEEFACE 

AN  experience  of  teaching  Physical  Chemistry,  extending 
over  several  years,  has  shown  the  author  that  unless  the 
student  actually  performs  physico-chemical  experiments 
and  verifies  physico-chemical  laws  for  himself  in  the 
laboratory,  he  is  apt  to  regard  the  subject  from  too  aca- 
demic a  standpoint.  He  may  become  interested  in  its 
principles  either  for  their  own  sake,  or  for  the  purpose  of 
passing  an  examination,  but  he  does  not  consider  it 
necessary  that  he  should  concern  himself  with  its  prac- 
tical side.  This,  obviously,  can  only  lead  to  a  very 
one-sided  and  incomplete  conception  of  the  subject. 

This  work  has  been  written,  therefore,  to  provide  the 
student  of  Physical  Chemistry  with  a  guide,  which  shall 
enable  him  to  carry  out  for  himself  the  simpler  physico- 
chemical  operations. 

The  lecture  course  on  Physical  Chemistry  usually  ex- 
tends over  two  or  more  sessions,  and  the  division  of  the 
book  into  two  parts  will  thus  probably  prove  convenient 
in  many  institutions.  The  first  part,  dealing  with  statical 
experiments,  furnishes  laboratory  work  for  the  first  year, 
and  therefore  treats  of  the  simpler  experiments,  which 
include  those  suitable  for  students  preparing  for  the  inter- 
mediate B.Sc.  examination,  and  also  those  suitable  for 
students  in  their  first  years'  work  for  the  Final  B.Sc. 
examination.  The  second  part  deals  with  dynamical 
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experiments,  which  are  more  difficult  to  carry  out,  and 
furnishes  a  second  years'  work  suitable  for  students 
reading  for  the  B.Sc.,  pass  and  honours,  final  examinations. 
Both  parts  of  this  work,  it  is  hoped,  will  be  found  useful  for 
students  preparing  for  the  examinations  of  the  Institute 
of  Chemistry. 

The  experiments  chosen  have  been,  in  most  cases,  per- 
formed by  my  own  students,  and  they  do  not  demand 
any  exceptional  experimental  skill.  The  two  parts  of  the 
book  are  entirely  independent  of  one  another,  although 
generally  a  knowledge  of  the  subject-matter  of  Part  I. 
has  been  assumed  in  Part  II. 

It  is  not  suggested  that  each  student  should  carry  out 
every  experiment.  It  may  be  left  to  the  teacher  to  make 
a  suitable  selection,  and  in  many  cases  the  experiments 
under  a  given  heading  might  be  advantageously  divided 
amongst  the  whole  class,  some  doing  one,  others  another. 
In  this  way  each  student  will  become  acquainted  with 
the  whole. 

In  conclusion  I  wish  to  acknowledge  my  indebtedness 
to  Ostwald-Luther's  Physiko-chemische  Messungen ;  to  my 
colleague  Mr.  Holland  Crompton,  Lecturer  in  Chemistry 
at  Bedford  College,  who,  by  much  kindly  criticism  and 
advice,  has  considerably  lightened  the  labour  of  writing 
this  book,  and  who  has  read  both  the  manuscript  and 
proof-sheets ;  and  also  to  Miss  M.  Walker  for  her  assist- 
ance in  correcting  the  proof-sheets. 

J.  F.  SPENCER. 

BEDFORD  COLLEGE, 

(UNIVERSITY  OF  LONDON), 

June,  1911. 
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AN   EXPERIMENTAL   COURSE   OF 
PHYSICAL   CHEMISTRY 

CHAPTER  I 
INTERPRETATION   OF  RESULTS 

PHYSICAL  CHEMISTRY  is  a  subject  which  deals  with  the 
investigation  of  chemical  problems  by  the  methods  of 
pure  physics.  Its  results  are  therefore  always  expressed 
in  numbers,  which  for  the  purposes  of  pure  chemistry 
must  be  interpreted  into  the  language  of  chemistry. 

In  only  a  very  limited  number  of  cases  are  these 
numbers  the  outcome  of  a  single  observation,  more  often 
they  are  obtained  by  a  series  of  more  or  less  compli- 
cated calculations,  based  on  one  or  more  experimental 
observations. 

Experimental  results  in  physical  chemistry,  and 
indeed  in  any  exact  science,  can  only  have  their  fullest 
value,  when  their  probable  degree  of  accuracy  is  known 
and  taken  account  of  in  all  calculations  which  may  be 
based  on  them.  The  probable  accuracy  can  only  be 
known  when  due  attention  is  paid  to  the  exactitude  of 
the  various  determinations,  and  when  care  is  taken  to 
obviate,  if  possible,  or  at  least  to  estimate  any  errors 
which  may  arise  in  the  course  of  the  observations. 

Errors  may  be  roughly  divided  into  two  groups : 
Constant  Errors  and  Accidental  Errors. 

S.C.  A  £ 


2  PHYSICAL  CHEMISTRY 

Constant  Errors  generally  arise  from  the  presence  of 
some  factor  in  an  experiment,  which  is  altogether  un- 
suspected by  the  observer,  and  which,  consequently,  cannot 
be  taken  into  account  by  him.  Thus,  a  series  of  careful 
determinations  may  be  made  of  some  physical  property, 
and  a  value  obtained,  which  varies  but  little  in  the 
several  experiments ;  yet  this  value  may  be  far  removed 
from  the  true  value  of  the  selected  property,  because  of 
an  unsuspected  constant  source  of  error. 

Constant  errors  can  only  be  identified  as  such,  when 
the  determination  is  carried  out  by  a  variety  of  methods, 
differing  as  far  as  possible  in  their  nature  and  in  the 
principles  underlying  them,  and  by  using  materials 
which  have  been  prepared  by  different  processes  or 
drawn  from  various  sources. 

Thus,  prior  to  1892,  many  experienced  investigators 
had  determined  the  density  of  nitrogen,  and  were  fairly 
agreed  upon  a  value,  yet,  despite  the  fact  that  the  utmost 
care  had  been  lavished  on  their  determinations,  the  value 
obtained  was  false.  The  reason  was  an  unsuspected 
constant  error,  namely,  the  presence  of  argon  in  the 
atmospheric  nitrogen  which  they  had  used.  In  1892 
Rayleigh,  in  the  course  of  a  series  of  density  determin- 
ations, found  that  atmospheric  nitrogen  was  heavier 
than  nitrogen  obtained  from  other  sources.  This  ob- 
viously pointed  to  a  source  of  error  in  the  determination 
of  the  density  of  nitrogen,  and,  on  further  investigation 
by  Rayleigh  and  Ramsay,  it  was  shown  that  all  previous 
density  determinations  of  nitrogen  were  too  high,  owing 
to  the  presence  of  argon,  etc.,  in  the  material  used  for 
the  measurements. 

Accidental  Errors  arise  from  inaccurate  observation 
due  to  accidental  conditions.  Thus,  in  determining 
weight,  a  figure  may  be  wrongly  copied  down;  in  a. 
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titration  the  burette,  may  be  wrongly  read,  or  the  end 
point  misjudged  owing  to  failing  light,  and  many  other 
obvious  causes.  Errors  of  this  type  are  accidental,  and 
with  more  care,  and  repetition  of  the  determination  a 
sufficient  number  of  times,  can  be  entirely  eliminated. 
When  all  constant  errors  have  been  removed,  and  when 
accidental  errors  have  been  guarded  against,  the  results 
obtained  are  never  quite  accurate  in  the  strictest  sense 
of  the  word.  They  are  always  associated  with  an  error 
which  is  variable,  but  which  cannot  be  removed,  depend- 
ing upon  the  sensitiveness  of  the  apparatus  employed, 
the  stability  of  the  substances  used,  and  the  skill  of 
the  experimenter.  These  errors  are  classed  together  as 
Experimental  Errors. 

The  accuracy  of  experiments  is,  therefore,  limited  by 
the  exactness  with  which  the  conditions  can  be  defined 
and  reproduced,  by  the  sensitiveness  of  the  apparatus 
employed,  by  the  stability  of  the  substances  examined, 
and  by  the  skill  of  the  operator. 

These  various  causes  of  experimental  error  lead,  in 
the  course  of  a  series  of  experiments,  to  a  series 
of  values  which  fluctuate  about  a  mean  value,  repre- 
senting the  most  accurate  that  can  be  obtained  by  the 
stated  conditions  of  the  experiments.  The  mean  value 
is  liable  to  be  incorrect  by  an  amount  which  can  be 
calculated,  and  which  is  known  as  the  probable  error. 

Recording  of  Observations.  In  recording  the  result  of  a 
physical  determination,  just  so  many  figures  should  be 
employed  as  the  sensitiveness  of  the  apparatus,  and  the 
reliability  of  the  materials,  justify.  Thus,  if  a  substance 
be  weighed  on  a  rough  balance,  which  is  designed  to 
weigh  to  O'l  gram,  it  is  useless  to  express  the  result  to 
2  or  3  decimal  places,  and  in  the  same  way  if  a  volatile 
liquid  be  weighed  in  an  open  vessel,  it  is  equally  useless 
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to  record  the  result  to  more  than  1  or  2  places  of 
decimals,  depending  on  the  liquid,  for  the  weight  of  such 
a  liquid  under  such  conditions  cannot  be  defined  more 
accurately  than  this,  on  account  of  its  high  vapour 
pressure  and  consequent  evaporation.  In  entering  a 
result  into  a  note  book,  all  the  figures  which  have  been 
determined,  subject  to  the  above  mentioned  restrictions, 
should  be  recorded. 

Thus,  suppose  a  weight  has  been  determined  and 
found  to  be  5*870,  in  such  a  case  the  last  decimal  figure, 
even  though  it  is  zero,  should  and  must  be  written  down. 
The  two  numbers,  5*87  and  5'870,  although  numerically 
equal,  express  very  different  results ;  5*87  states  that  the 
substance  weighed  more  than  5*87  and  less  than  5*88, 
and  that  it  was  nearer  5*87  than  5*88 ;  on  the  other  hand 
5*870  states  that  the  substance  weighed  more  than  5*870, 
and  less  than  5*871.  The  difference  between  the  two 
expressions  being,  if  the  unit  of  weight  is  the  gram,  that 
the  former,  5'87,  is  accurate  to  the  nearest  centigram, 
whilst  the  latter,  5*870,  is  accurate  to  the  nearest 
milligram. 

Calculations  from  the  Results  of  Observations.  In  making 
calculations  from  experimentally  determined  numbers, 
it  must  always  be  remembered  that  the  final  result 
cannot  be  more  accurate  than  the  least  accurate  of  the 
experimental  numbers.  Thus,  if  several  numbers  have 
to  be  added  together,  e.g. 

15-8 
10128 
3*8342 


29*7622 

a  result  is  obtained  which  gives   four  decimal   places. 
The  last  three  places  in  this  number  are  quite  meaning- 
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less,  for  the  first  number,  15'8,  has  an  apparent  error  of 
±0'05,  and  consequently  the  sum  of  the  three  numbers 
must  be  subject  to  the  same  error.  The  result  in  such  a 
case  should  be  expressed  by  2*97,  although  in  practice  it 
is  advisable  to  retain  the  next  figure,  particularly  if  the 
value  has  to  be  used  for  further  calculations.  The  same 
remarks  apply  equally  to  multiplication  and  division. 
If,  for  example,  the  product  of  the  two  numbers,  T32 
and  3'524?1,  is  required,  which  we  may  assume  bear  the 
maximum  error.  This,  in  the  case  of  the  former 
number  will  be  5  in  1320  or  0'4  per  cent.,  and  in  the 
case  of  the  latter  5  in  350000.  On  multiplying,  the 
result  must  have  an  error  of  at  least  0'4  per  cent.,  hence 
it  is  obviously  absurd  to  express  it  as  4*651812,  for  this 
figure  is  inaccurate  from  its  origin  to  the  extent  of  0*4 
per  cent.  The  result  of  such  multiplication  is  adequately 
expressed  by  4'65.  All  calculations,  therefore,  should  be 
made  from  numbers  which  contain  just  so  many  decimal 
places  as  the  limits  of  accuracy  allow,  and  only  in  cases 
where  these  values  have  to  be  used  in  further  calcula- 
tions should  one  more  figure,  if  available,  be  admitted. 

Rounded  numbers  are  best  treated  by  the  shortened 
methods  of  multiplication  and  division,  and  as  these  now 
form  part  of  elementary  arithmetical  training,  they  will 
not  be  considered  here. 

Use  of  Logarithms.  Much  time  can  often  be  saved  in 
calculation  if  logarithms  are  used,  and  if  logarithms  of 
the  right  number  of  decimal  places  are  used,  the  result 
will  be  obtained,  automatically,  to  the  same  degree  of 
accuracy  as  the  least  accurate  of  the  numbers.  Loga- 
rithms containing  two  decimal  places  more  than  the 
least  accurate  of  the  numbers  should  always  be  used. 
Thus,  if  the  least  accurate  factor  entering  into  a  calcu- 
lation is  3*758,  then  five-figure  logarithms  will  give  the 
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result  as  accurate  as  that  factor.  The  number  3*758 
may  contain  an  error  amounting  to  5  in  37000,  about  1 
in  7000,  five-figure  logarithms  have  an  error  inherent  in 
them  of  about  1  in  30000.  Consequently  the  result  will 
not  be  affected  in  any  way  by  the  use  of  logarithms. 
For  most  physico-chemical  determinations,  five-figure 
logarithms  are  sufficiently  accurate.  Quantitative  an- 
alyses may  be  calculated  with  four-figure  logarithms, 
which  have  an  inherent  error  of  about  1  in  3000,  but  for 
density  determinations  of  gases,  seven-figure  logarithms, 
which  are  accurate  to  about  1  in  1000000,  ought  to  be 
employed. 

An  exceedingly  useful  instrument,  based  on  logarithms, 
is  found  in  the  slide  rule.  This,  when  of  a  length  of  about 
25  cms.,  has  an  accuracy  of  0*2  per  cent.,  and  is  therefore 
very  convenient  for  many  calculations  which  do  not 
require  more  accurate  treatment  than  the-  above  men- 
tioned quantity. 

Influence  of  Errors  on  Results.  It  has  already  been 
noticed  that  all  measurements  are  more  or  less  inaccurate 
by  an  amount  which  can  be  determined.  The  influence 
of  these  errors  on  the  final  result  still  remains  to  be 
considered.  If  we  measure  a  quantity  x,  which  is 
directly  proportional  to  the  magnitude  m  we  wish  to 
obtain,  i.e.  m  oc  x  or  m  =  kx,  then  the  relative  error  in  the 
value  of  m  is  the  same  as  the  relative  error  in  the 
determination  of  x.  The  absolute  error  is,  however, 
Jc  times  the  error  of  measurement  of  x. 

If  the  error  in  the  measurement  of  x  is  given  by  dx, 
then  m  will  contain  an  error  dm,  and  the  absolute  error 
will  be  expressed  by  kdx  =  dm,  whilst  the  relative  error 
is  given  by 

dx_dm 
x  ~  m' 
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As  an  example  of  this  type  of  measurement,  we  can 
consider  the  case  of  the  determination  of  the  pressure  of 
a  given  volume  of  a  gas  from  knowledge  of  its  tem- 
perature. 

It  is  known  that  p  oc  T,  i.e.  p  =  kT,  where  p  is  the 
pressure,  and  T  the  absolute  temperature  of  the  gas. 
Here,  if  the  measurement  of  the  temperature  is  inaccu- 
rate by  1  per  cent.,  the  pressure  calculated  will  also  be 
inaccurate  to  the  same  amount. 

1  Jc 

The  same  relationships  hold   if  in  oc  -,  i.e.  m  =  - ;  in 

00  X 

this  case  the  relative  error  is  given  by  the  expression 
dm         dx 


X  ' 


and  the  absolute  error  by 

dm  =  — \  dx. 

x2 

If,  in  such  a  case  as  the  determination  of  the  pressure 
from  the  volume  of  a  given  quantity  of  a  gas,  the  volume 
is  measured  with  an  error  of  ±2  per  cent.,  then  the 
pressure  will  be  defined  to  the  same  degree  of  accuracy. 

If  the  value  to  be  determined  is  proportional  to  the 
square  of  the  measured  quantity,  i.e.  m  =  kx^)  the  relative 
error  will  be  given  by 

dm     2dx 


m        x   ' 


and  the  absolute  error  by 

dm  =  2kxdx. 

The  relative  error  here  is  twice  as  great  as  that  of  the 
experiment,  so  that  if  the  inaccuracy  in  the  experiment 
amounts  to  0*1  per  cent.,  the  determined  value  will 
contain  an  error  of  0*2  per  cent. 
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Taking  now  a  general  case  where  m  =  kxn,  the  relative 
error  is  given  by 

dm  _  ndx 
m~~   x 

which  means  that  the  relative  error  of  the  calculated 
quantity  is  n  times  the  experimental  error. 

In  a  series  of  experiments  it  is  well  to  consider  the 
relationships  in  which  the  measurements  stand  to  the 
desired  result,  and  then,  remembering  that  the  final 
error  is  practically  fixed  by  the  least  accurate  of  the 
measurements,  precautions  can  be  taken  to  ensure  that 
the  least  accurate  measurement  shall  be  determined 
sufficiently  exactly  to  give  a  result  of  the  desired 
accuracy.  Further,  a  little  consideration  of  this  kind 
will  often  show  that  certain  factors  need  not  be  known 
as  exactly  as  it  is  possible  to  obtain  them,  and  much 
time  and  labour  will  thereby  be  saved. 

Calculation  of  Mean  Values.  It  is  possible  to  calculate, 
from  a  series  of  determinations  of  a  given  quantity,  the 
most  probable  mean  value,  and  also  the  probable  error 
associated  with  that  value,  and  with  each  individual 
determination.  Thus,  if  ml}  m2,  m3,m4,  ... ,  etc.,  repre- 
sent the  values  obtained  in  a  series  of  n  determinations 
of  a  given  quantity,  the  mean  value  M  will  be  given  by 
taking  the  arithmetic  mean  of  the  various  determinations. 

_  mx + m2  +  ?n3  +  m4 + etc. 

n 

It  is  unnecessary  to  add  together  all  the  numbers  to  get 
the  mean,  and  is  much  easier  generally  to  add  together 
the  quantities  by  which  the  values  differ  from  some 
whole  number  in  the  immediate  neighbourhood,  and 
divide  the  sum  of  these  by  the  number  of  experiments. 
This  gives  the  mean  divergence  from  the  chosen  whole 
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number,  and  on  adding  this  mean  divergence  to  the 
whole  number  we  get  the  mean  value  of  the  series  of 
experimental  results. 

Thus,  if  m0  represents  a  number  lying  near  a  series  of 
experimental  numbers  mlt  mz,  m3,  m4,  etc.,  which  differ 
from  ?TIO  by  amounts  dv  d2,  ds,  d±,  etc.,  then  the  mean 
value  M  will  be  given  by  the  expression 

M  =  m   .  ^  +  cg2+d8+d4+ete 

n 

As  an  example,  a  series  of  temperature  readings  can  be 
considered :  18°'10,  18°18,  18°'03,  17°'99,  18°'05.  It  will 
save  calculation  if  the  number  chosen  as  a  proximate 
figure  is  the  smallest  of  the  series.  Then  the  mean  value 
will  be  given  by 

17o.99     Oil  +  019  +  0-04  +  0  +  0-06 


The  probable  error  of  the  determinations,  and  of  the 
mean  value  stands  in  close  connection  with  the  mean 
value. 

The  theory  of  probabilities  teaches,  that  if  e  represents 
the  probable  error  of  each  determination,  and  8lt  S2,  SB,  84, 
etc.,  the  amounts  by  which  the  various  determinations 
differ  from  the  mean  value,  and  n  the  number  of  deter- 
minations, then 

6=  • 


and  the  error  of  the  mean  value 
E  = 


n(n—  1) 

The  example  given  above  may  be  used  to  illustrate 
the  method  of  calculation.     From  this  we  have  &  =  3, 
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<S2  =  11,  $3  =  4,  $4=  —  8,   $5  =  2.      The   probable   error   in 
each  determination  is  given  by 


Hence  e,  the  probable  error  of  each  determination,  is 
+  0°'072.  This  error  can  only  be  diminished  by  making 
the  conditions  of  experiment  more  exact;  repetition  of  the 
experiment  only  serves  to  define  the  error  more  exactly, 
but  not  to  diminish  it. 

The  probable  error  of  the  mean  value  is  given  by 

/9  +  12  1  +16  +  64  +  4  /214 

E=±-     -~         b= 


The  mean  value  of  the  above  determination  must  now 
be  written  18°-<)7±0'O33. 

It  is  obvious  from  the  expression,  that  the  error  of 
the  mean  value  may  be  reduced  to  any  amount  by 
increasing  the  number  of  experiments  sufficiently.  Thus 
the  error  may  be  reduced  by  one  half,  if  the  number  of 
experiments  is  increased  to  twenty. 


CHAPTER  II 

DETERMINATION   OF   WEIGHT,    VOLUME   AND 
TEMPERATURE 

ALL  physico-chemical  operations  entail  the  measurement 
of  one  or  more  of  the  factors,  weight,  volume  and 
temperature.  It  is  essential  for  the  proper  appreciation 
of  the  results  of  such  determinations,  that  the  apparatus 
employed,  viz.  balance,  weights,  measuring  vessels  and 
thermometers,  should  be  examined,  both  as  to  their 
accuracy  and  the  limits  of  their  applicability ;  so  that  in 
the  not  unusual  case  of  inaccuracies  being  discovered, 
the  necessary  corrections  may  be  determined.  The 
determination  of  the  inaccuracies  in  the  graduation  of 
exact  apparatus  is  termed  calibration. 

1.  Determination  of  Weight 

Of  all  physical  properties,  weight  is  capable  of 
measurement  to  the  highest  degree  of  accuracy,  but  the 
accurate  definition  of  the  weight  of  a  substance  can 
only  be  obtained  when  the  weights  employed  have  been 
carefully  calibrated.  Indeed,  when  weighing  with  care- 
fully calibrated  weights  and  a  well-adjusted  balance,  the 
error  of  weighing  is  almost  always  less  than  that  arising 
from  the  variability  of  the  substance  in  question,  e.g.  a 
small  weighing  bottle  can  be  weighed  to  five  decimal 
places,  by  using  an  ordinary  chemical  balance,  but  of 
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these  the  last  place  has  probably  no  meaning  at  all,  and 
the  fourth  place  could  probably  not  be  reproduced  to 
within  one  or  two  units,  on  reweighing  the  bottle  after 
use.  For  accurate  weighing  it  is  necessary,  before  all 
things,  that  the  balance  should  rest  on  a  firm  slab  or  bench 
which  is  uninfluenced  by  the  vibrations  of  the  building. 
This  support  is  best  obtained,  when  the  laboratory  is  on 
the  ground  floor,  by  using  slate  slabs  supported  by 
pillars  standing  on  concrete  foundations.  Where  the 
laboratory  is  on  a  higher  level,  the  balance  benches 
should  be  fixed  by  wall  brackets  to  the  main  walls,  i.e. 
those  walls  which  are  built  up  from  the  foundations  of  the 
building.  Balances  should  always  be  placed  in  a  good 
light,  but  never  in  such  a  position  that  direct  sunlight  or 
air  currents  will  fall  upon  them.  When  the  balance  has 
been  placed  in  position,  it  must  be  levelled  and  adjusted, 
so  that  its  period  of  oscillation  and  sensitiveness  are  of 
the  order  required  for  the  particular  kind  of  work  in 
which  it  is  to  be  employed. 

The  period  of  oscillation  and  sensitiveness  can  be 
changed  by  raising  or  lowering  a  small  metallic  ball, 
"gravity  bob,"  which  is  attached  to  the  beam  of  the 
balance  by  a  long  vertical  screw.  Raising  the  "  gravity 
bob  "  raises  the  centre  of  gravity  of  the  moving  parts  of 
the  balance,  and  so  increases  the  stability.  This  in- 
creases the  sensitiveness  of  the  balance,  but  at  the  same 
time  also  the  time  of  oscillation.  The  sensitiveness  of 
the  balance  should  therefore  not  be  driven  too  far,  but  a 
medium  one  chosen.  The  best  results  with  the  modern 
short-beam  balances  are  those  obtained  with  a  sensitive- 
ness which  is  accompanied  by  a  period  of  oscillation  of 
6-10  seconds. 

Determination  of  the  Sensitiveness  of  a  Balance.  Before 
using  a  balance  for  any  purpose  whatsoever,  its  zero 
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point  must  be  determined,  and  this  process  should  be 
repeated  from  time  to  time,  since  the  zero  point  is  liable 
to  change  when  the  balance  is  in  constant  use.  The  zero 
point  is  the  position  in  which  the  unloaded  balance 
would  come  to  rest  if  left  swinging.  To  determine  this 
point,  the  beam  of  the  balance  is  released  and  allowed  to 
swing  freely  without  load.  After  one  complete  oscillation 
the  extreme  points  on  the  scale  reached  by  the  pointer, 
both  on  the  right  and  left  of  the  middle  point,  are  care- 
fully noted  during  two  complete  oscillations.  This 
furnishes  five  readings,  two  on  the  one  side  of  the 
middle  point  and  three  on  the  other  side.  The  arith- 
metic mean  of  each  set  of  readings  is  taken,  and  the 
mean  values  give  the  average  swing  on  each  side  of  the 
middle  point.  Should  these  two  values  be  alike,  the  zero 
point  of  the  balance  lies  at  the  middle  of  the  scale  ;  if  this 
is  not  the  case,  then  the  zero  point  lies  at  the  position 
given  by  one  half  of  the  difference  of  the  mean  points. 
To  avoid  confusion,  it  is  usual  to  designate  the  readings 
on  the  left  of  the  middle  point  of  the  scale  "  negative," 
and  those  to  the  right  "  positive." 

Suppose,  in  the  determination  of  the  zero  point,  the 
following  readings  were  obtained : 

Readings  to  the  left.  Readings  to  the  right. 

-5-6,  -5-5,  -5-4.  +3-8,  +3'6 

Mean  -5*5  +37 

Zero  point  =~5>52+37  =  -0*9. 

This  means  that  the  zero  of  the  balance  lies  0*9  scale 
divisions  to  the  left  of  the  middle  point.  Should  the 
zero  point  be  not  more  than  two  scale  divisions  removed 
from  the  middle  point,  the  balance  may  be  used  without 
further  adjustment,  but  if  the  displacement  of  the  zero 
is  greater  than  this  amount,  adjustment  must  be  made 


H  PHYSICAL  CHEMISTEY 

by  means  of  the  metallic  screw  flag  below  the  "  gravity 
bob,"  or  by  the  screws  situated  at  the  ends  of  the  beam. 
Chemists,  in  ordinary  analytical  work,  are  accustomed  to 
weigh  to  four  places  of  decimals  by  moving  the  rider 
along  the  balance  beam  until  swings  of  equal  length  on 
either  side  of  the  zero  point  are  obtained.  This  method 
of  weighing  is  long  and  tedious,  and  may  be  substituted 
by  the  method  of  weighing  by  oscillations  with  great 
saving  of  time.  Before  weighing  by  oscillations  it  is 
first  necessary  to  determine  the  sensitiveness  of  the 
balance  for  various  loads.  This  is  accomplished  by 
placing  weights,  say  5  grams,  on  each  pan,  and  deter- 
mining the  point  of  rest  by  the  method  already  described. 
Then  the  weights  on  one  side  are  increased  by  one 
milligram,  and  the  point  of  rest  again  determined.  One 
half  the  difference  between  the  two  points  gives  the 
sensitiveness  for  that  particular  load.  The  process  is 
then  repeated  for  10,  15,  20,  25,  ...  50  gram  loads, 
and  the  sensitiveness  obtained  in  each  case  plotted  as 
ordinates  against  the  loads  as  abscissae  to  form  a  sensi- 
tiveness curve.  Having  prepared  the  curve,  it  is  now 
possible  to  weigh  by  oscillations.  The  zero  of  the 
balance  must  be  first  of  all  determined,  then  the  object 
to  be  weighed  is  counterbalanced  by  weights  to  the 
nearest  milligram,  and  the  point  of  rest  determined. 

Suppose,  for  example,  the  zero  of  the  balance  is  +  0*5, 
and  with  a  load  counterbalanced  by  15*893  grams,  we 
have  the  mean  oscillations  +5'6  and  —  3'8. 

The  point  of  rest  will  be 

?=  +0-9. 


The  zero  of  the  balance  has  therefore  been  displaced 
0'9  —  0'5  =  0'4  divisions, 
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From  the  curve  we  find  that  the  sensitiveness  for  a  load 
of  15  '89  grams  is  1*8  divisions  per  milligram. 

0'4 
Hence,  —  =  0'22  milligram. 

I'o 

The  weight  of  the  substance  in  question  is  therefore 
15-89322  grams. 

In  most  physico-chemical  determinations  one  is  con- 
cerned only  with  relative  weights,  and  therefore  any 
difference  in  the  lengths  of  the  balance  arms  need  not  be 
considered.  But  should  at  any  time  an  absolute  weight 
be  required,  then  any  inequality  of  this  kind  must  be 
taken  into  consideration.  A  correct  weight  may  be 
obtained  from  a  balance  with  unequal  arms  by  the 
method  of  double  weighings.  The  method  is  as  follows  : 

A  substance  of  true  weight  W  is  placed  on  the  left- 
hand  pan  of  the  balance  and  exactly  counterbalanced  by 
w  grams,  it  is  then  placed  on  the  right-hand  pan,  and  it 
is  found  that  the  weight  w'  is  required  to  counter- 
balance it. 

If  it  be  now  assumed  that  the  lengths  of  the  right  and 
left  arms  of  the  balance  are  R  and  L  respectively,  we 
have,  by  taking  moments  about  the  point  of  suspension 
of  the  balance,  the  equations 

LW  =  Rw  and  R  W  =  Lw'  ; 

from  these  expressions  we  obtain  the  ratio  of  the  lengths 
of  the  balance  arms 

R 


The  absolute  weight  W  is  then  obtained  by  multiplying 
the  weight  required  on  the  right-hand  pan  to  counter- 
balance the  object  in  question  by  the  ratio  of  the  lengths 
of  the  balance  arms, 


.e.    w=- 
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Calibration  of  Weights.  Most  sets  of  weights,  no 
matter  how  costly,  will  be  found  on  calibration  to  be 
inaccurate.  Hence  for  precise  work  it  is  necessary  that 
they  should  be  calibrated,  i.e.  the  errors  determined. 

The  method  described  below  for  this  purpose  is  clue  to 
Kohlrausch.  A  set  of  weights  is  made  up  of  the  follow- 
ing brass  pieces  :  50,  20,  10',  10",  5,  2,  1',  I"  and  I"'  grams. 
To  calibrate  these,  the  50  gram  weight  is  placed  on  the 
left-hand  pan,  and  the  other  weights,  which  make  up  50 
grams,  are  placed  on  the  other  pan.  Should  the  two 
pans  not  balance,  small  weights  are  added  to  the  lighter 
side  to  make  the  weight  on  both  sides  equal. 

Thus,  50=20  +  10'  +  10"  +  5  +  2  +  l'  +  r+l'"-fZmg. 

The  weighing  is  then  repeated,  placing  the  50  gram 
weight  on  the  right-hand  pan  and  the  other  weights  on 
the  other  pan.  The  weights  then  are  placed  thus  : 


This  double  weighing  gives  us  the  ratio  of  the  lengths  of 
the  balance  arms. 


L         M  00000' 
and  also 


if,  for  example,  r=TS  mg.  and  Z=2*5  mg.,  then 


and  the  ratio  of  the  balance  arms  is 
£=1-0000070. 

In  the  same  way  the  20  gram  weight  is  compared  writh 
the  10'  and  10"  weights,  the  10'  with  10",  the  10'  with 
the  5,  2,  1',  I"  and  1'",  and  so  on  until  all  the  brass 
weights  have  been  compared.  The  ratio  of  the  length  of 
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the  arms  should  be  determined  in  each  case.  In  this 
way  a  series  of  equations  will  be  obtained  which  may  be 
written  thus : 

50=2o+io'+io"+5+2+r+i"+i'"+A 

20  =  10'+ 10"  +  B 

10'=  10'  +C 

5  +  2  +  1'+ 1"  +  1'"=  10'  +D 

where  A,  B,  C  and  D  represent  the  amounts  by  which  the 
one  side  exceeds  the  other,  and  consequently  may  be 
either  positive  or  negative  in  the  equations.  If  a  stan- 
dard weight  is  available,  it  may  now  be  used  to  get  the 
values  of  the  other  weights.  But  when,  as  is  generally 
the  case,  a  standard  weight  is  not  available,  it  is  usual 
to  assume  that  the  sum  of  the  whole  of  the  weights  is 
correct,  i.e. 

50  +  20  +  10'  +  10"  +  5  +  2  +  l'  +  l"  +  l'"  =  100  grams. 

If  now  we  substitute  in  this  expression  the  values  of 
the  various  pieces  in  terms  of  any  one  piece,  say  10',  we 
obtain 

100  grams  =  10xlO'  +  (A  +  2B  +  4C  +  2D). 

That  is,  the  error  on  the  10'  piece  is  given  by 


in   this  way  the   following  values   for   the   pieces   are 
obtained,  viz. 

1 0'  =  10  grams -S, 

10"  =  10  grams -S  +  C, 
H'"  =  10  grams- S  +  D, 
20  =  20  grams  — 2S  +  B  +  C, 
50  =  50  grams- 

=  50  grams +  : 
s.c.  B 
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The  smaller  weights  are  treated  similarly,  using  the 
determined  value  of  10'  as  the  starting  point  in  the 
calculation.  When  the  whole  of  the  pieces  have  been 
corrected  in  the  above  manner,  we  have  a  set  of  weights, 
the  pieces  of  which  are  correct  among  themselves,  and 
satisfactory  for  all  purposes  except  absolute  determin- 
ations. Should  such  determinations  be  required,  it  is 
usual  to  compare  one  piece  of  the  set  with  a  standard 
weight,  and  calculate  the  absolute  weights  of  the  other 
pieces  from  it. 

Correction  to  Vacuum  Standard 

A  few  physical  determinations,  such  as  the  density 
and  absolute  weight  of  a  gas,  require  that  the  weight 
obtained  should  be  reduced  to  vacuum  standard.  When 
a  body  is  weighed  in  air  it  always  weighs  less  than  its 
true  weight,  by  an  amount  equal  to  the  weight  of  the  air 
it  displaces.  This  is  due  to  the  buoyancy  of  the  air. 

If  V  c  c.  represents  the  volume  of  the  object  weighed, 
and  d  the  weight  of  one  cubic  centimetre  of  air,  then 
the  weight  of  the  air  displaced  is  Vd  grams,  and  the  real 
weight  of  the  object  is  W  +  Vrf,  where  W  represents  the 
apparent  weight.  The  volume  of  the  object  weighed  is 
obtained  by  dividing  the  apparent  weight  by  its  density. 
Hence  we  have  the  expression 

True 


s 

where  S  is  the  density  of  the  substance,  and  0*0012 
the  weight  of  1  c.c.  of  air  under  average  atmospheric 
conditions.  A  similar  correction  must  be  applied  for 
the  effect  of  the  buoyancy  of  the  air  on  the  weights. 
If  S'  be  the  density  of  the  weights,  then  an  amount 

—  —,  —  .  W  must  be  subtracted  from  the  quantity  above. 
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The  true  weight  then  becomes 


0-0012     0-0012 
or 


The  brass  weights  generally  used  have  a  density  of  8'5, 
so  that  the  final  expression  becomes 


w   i  +  _  o-OOO  14    grams. 

V  S  / 

In  very  accurate  determinations  the  weight  is  reduced 
to  the  value  it  would  have  at  a  standard  latitude,  viz.  45°, 
and  also  to  sea  level.  The  reader  is  referred  to  text-books 
on  Physics  for  the  expressions  used  in  this  reduction. 


2.  Determination  of  Volume 

The  volume  of  liquids  is  determined  by  means  of 
flasks,  burettes,  and  pipettes,  which  are  graduated  to 
hold  or  deliver,  as  the  case  may  be,  definite  volumes  of 
liquids.  Such  apparatus,  although  sold  as  having  definite 
capacity,  should  always  be  calibrated  before  use.  To 
determine  the  volume  of  any  given  piece  of  apparatus  it 
is  usual  to  weigh  the  amount  of  water  required  to  fill  it 
up  to  the  mark.  In  the  case  of  the  smaller  measuring 
vessels  mercury  should  be  used  instead  of  water.  The 
weight  should  then  be  reduced  to  vacuum  standard,  and 
the  volume  of  one  gram  of  water  at  the  given  temperature 
be  used  to  reduce  the  volume  of  the  vessel  to  some 
standard  temperature,  generally  15°.  Generally,  however, 
this  is  not  actually  done,  but  the  volume  is  obtained  from 
tables  which  give  the  true  volumes  at  various  tempera- 
tures of  given  apparent  weights  of  water.  The  tables 
are  prepared  from  weights  obtained  by  the  use  of  brass 
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weights  in  air  under  ordinary  atmospheric  conditions. 
For  a  table  of  such  volume  weight  relations  see  Appendix, 
Table  I. 

It  is  preferable  that  mercury  be  used  for  calibrating 
small  vessels,  except  in  the  case  of  vessels  which  have 
sharp  angles.  Mercury,  having  a  density  of  13'6,  gives  a 
much  larger  weight  with  a  correspondingly  smaller  error. 

If  W  is  the  weight  of  mercury  required  at  a  tem- 
perature t°  to  fill  a  small  flask  of  volume  V,  then  for 
temperatures  between  0°  and  18°  the  volume  is  given  by 
the  expression 

V  =  0-07351(1  + 0-0001820  W  c.cms., 

where  0*000182  is  the  mean  coefficient  of  cubical  ex- 
pansion of  mercury  between  0°  and  18°,  and  0'07351  is 
its  specific  volume  over  the  same  range  of  temperature. 
A  table  giving  the  volume  of  an  apparent  gram  of 
Mercury  will  be  found  in  the  Appendix  (Table  I.). 

Calibration  of  Measuring  Vessels 

(a)  Measuring  Flasks.  Measuring  flasks  are  made  to 
hold  volumes  of  1000  c.c.,  500  c.c.,  250  c.c.,  200  c.c.,  100  c.c., 
50  c.c.  and  25  c.c.,  and  are  provided  with  ground  glass 
stoppers  which  fit  into  long,  fairly  narrow  necks.  The 
graduation  mark  ought  to  be  about  one -third  up  the 
neck.  -To  calibrate  such  a  flask,  it  is  thoroughly  cleaned, 
dried  and  weighed.  It  is  then  filled  to  within  2  or  3 
cm.  of  the  graduation  mark  with  distilled  water,  and 
allowed  to  stand  in  the  balance  room  for  about  half  an 
hour,  so  that  it  may  acquire  the  temperature  of  the 
surroundings.  It  is  then  carefully  filled  to  the  mark,  so 
that  the  under  side  of  the  meniscus  and  the  mark 
coincide,  and  weighed.  From  the  weight  and  temperature 
the  volume  can  then  be  calculated  by  means  of  Table  I. 
(Appendix).  The  larger  flasks,  viz.  1000  c.c.,  500  c.c., 
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250  c.c.  and  200  c.c.,  need  only  be  weighed  to  the  nearest 
centigram,  the  others  to  the  nearest  milligram.  Should 
it  be  found  that  a  flask  is  very  inaccurate,  it  is  wisest  to 
regraduate  it.  This  is  done  by  gumming  a  strip  of  paper 
either  above  or  below  the  original  mark,  as  the  volume 
is  too  small  or  too  large,  and  weighing  the  water  held  in 
the  flask  up  to  the  new  mark.  Then  the  volume  between 
the  two  marks,  which  is  obviously  the  difference  of  the 
two  determined  volumes,  can  be  divided  so  as  to  give  the 
position  of  the  new  graduation  mark. 

For  example,  suppose  the  original  mark  represents  a 
volume  of  201*5  c.c.,  and  a  second  mark  4  cm.  lower 
down  the  neck  represents  a  volume  of  199*5  c.c.  Then 
the  true  volume,  200  c.c.,  will  be  represented  by  a  mark 

^r  x  4  =  1  cm.  above  the  lower  mark. 

The  flask  should  then  be  filled  to  this  mark  and 
reweighed  to  confirm  the  previous  measurements. 

(6)  Pipettes.  Pipettes  are  made  having  capacities  of 
100,  50,  25,  20,  10,  5,  2  and  1  c.c.,  and  are  designed  and 
graduated  either  to  deliver  or  withdraw  the  stated 
volumes  of  a  liquid.  Accurate  work  with  pipettes 
depends  upon  several  points  which  are  not  always 
observed. 

1.  The  top  and  bottom  stems  of  the  pipette  should  be 
fairly  narrow,  about  2  mm.  internal  diameter  is  a  good 
average  size   for   pipettes   up   to    10   c.c.   capacity   and 
3  — 3*5   mm.   diameter   for  larger  pipettes,  the  pipettes 
usually  supplied  have  much  wider  stems. 

2.  They  must  be  entirely  free  from  grease;  the  presence 
of  grease  is  ascertained  by  filling  the  pipette  with  water, 
and  allowing  it  to  empty  itself  in  the  normal  way.     If 
drops  of   water   are  left  adhering  to  the  sides  of  the 
pipette  it  is  greasy  and  must  be  cleaned.     Grease  may 
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be  removed  from  a  pipette  by  filling  it  with  a  hot 
solution  of  chromic  acid,  made  by  adding  concentrated 
sulphuric  acid  to  a  solution  of  potassium  bichromate. 
Greasiness  is  prevented  by  keeping  pipettes,  when  not  in 
use,  standing  in  a  tall  cylinder  of  the  above  solution. 

3.  Pipettes  must  always  be  allowed  to  deliver  in  the 
same  manner.  The  best  method  is  to  hold  the  pipette 
almost  vertically  at  the  side  of,  but  not  touching,  the 
vessel  into  which  it  is  being  emptied,  so  that  the  liquid 
runs  against  the  side.  When  all  the  liquid  has  run  out 
the  pipette  point  is  touched  against  the  wall  of  the  vessel. 
A  pipette  should  never  be  blown  into,  since  this  tends 
to  make  it  greasy,  and  the  quantity  of  liquid  blown 
out  varies,  depending  on  the  time  which  is  allowed 
to  elapse  before  the  blowing.  A  pipette  should  take 
about  forty  seconds  to  deliver  its  contents.  If  a  pipette 
delivers  too  quickly,  the  point  should  be  closed  somewhat 
by  holding  it  in  a  blowpipe  flame  for  a  few  seconds. 

To  calibrate  a  pipette  a  narrow  strip  of  gummed  paper 
is  attached  vertically  along  the  upper  stem,  and  a  mark 
made  upon  it  in  what  is  judged  to  be  about  the  correct 
position.  The  pipette  is  then  filled  with  distilled  water 
up  to  this  mark,  and  its  contents  delivered  into  a 
previously  weighed  stoppered  bottle,  and  weighed.  A 
second  mark  is  then  made  on  the  paper  strip,  either 
above  or  below  the  original  mark,  as  the  first  volume 
was  too  small  or  too  large,  and  the  weight  of  the  volume 
of  water  contained  up  to  the  new  mark  is  obtained.  The 
true  position  is  then  calculated  from  the  two  volumes,  as 
indicated  above.  The  final  position  should  always  be 
verified  by  weighing  the  contents  up  to  that  mark,  and 
in  a  properly  calibrated  pipette  the  volume  should  not 
differ  from  the  nominal  value  by  more  than  0*05  per 
cent. 
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Should  the  pipette  be  required  to  withdraw  a  definite 
volume  of  liquid,  the  process  of  calibration  differs  slightly 
from  the  foregoing  method.  A  stoppered  bottle  is  filled 
with  water  and  weighed,  and  the  pipette  to  be  calibrated 
is  filled  from  the  bottle.  The  residue  is  then  weighed, 
and  the  difference  in  the  weights  of  the  water  gives  the 
withdrawal  volume  of  the  pipette.  Two  positions  must 
be  determined  on  the  stem,  as  in  the  last  case,  and  the 
true  position  calculated  from  them.  In  using  pipettes 
for  the  withdrawal  of  a  definite  volume  of  a  liquid,  care 
should  be  taken  that  the  point  of  the  pipette  is  always 
immersed  to  the  same  depth.  This  ensures  that  the 
same  amount  of  liquid  always  adheres  to  the  outside  of 
the  pipette.  It  is  useful  to  etch  a  mark  on  the  lower 
stem  at  the  position  to  which  the  pipette  must  be 
immersed.  A  pipette  used  for  withdrawal  must  always 
be  dried  before  use.  This  is  best  done  by  passing  the 
pipette  to  and  fro  through  a  bunsen  flame,  and  blowing 
a  current  of  air  through  it  the  while  from  a  bellows. 
Pipettes  should  never  be  dried  by  means  of  alcohol  or 
ether,  since  these  substances  nearly  always  contain  grease 
dissolved  in  them,  which  they  leave  in  the  pipette  on 
evaporation. 

Having  found  the  correct  positions  of  the  graduation 
marks  for  a  series  of  flasks  and  pipettes,  the  marks  must 
be  etched  on  to  the  glass.  This  is  done  by  coating  the 
glass  and  paper  strip  with  a  thin  layer  of  paraffin  wax, 
and  then,  with  a  sharp  knife,  cutting  a  ring  through  the 
wax  at  the  correct  height.  Hydrofluoric  acid  is  then 
applied  to  the  cut  by  means  of  a  pad  of  cotton  wool; 
after  a  few  minutes  the  excess  of  acid  is  washed  away 
and  the  wax  removed. 

(c)  Burettes.  These  instruments  are  constructed  to 
contain  50  c.c.  of  a  liquid,  and  are  graduated  in  T\j-  c.c.,  so 
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that  they  can  be  used  to  deliver  quantities  of  a  liquid  up 
to  50  c.c.,  measured  to  y^-  c.c.  In  addition  to  errors  of 
graduation,  there  arises  in  the  use  of  a  burette  an  error 
of  parallax,  due  to  the  eye  being  on  a  different  level  from 
that  of  the  meniscus.  Errors  of  parallax  can  be  avoided 
by  placing  a  small  mirror  at  the  back  of  the  burette  and 
taking  the  reading  when  the  image  of  the  eye  and  the 
meniscus  are  both  just  visible.  Shellbach  burettes  are 
often  used  for  avoiding  errors  of  parallax.  These 
burettes  have  a  white  vertical  stripe  running  down  the 
length  of  the  back  of  the  burette,  and  a  narrower  blue 
stripe  runs  down  the  centre  of  the 
white  one.  The  height  of  the  menis- 
cus is  very  easily  read,  for  the  appear- 
ance of  the  blue  stripe  is  similar  to 
the  diagram  (Fig.  1),  the  pointy  being 
P  the  level  of  the  liquid. 

To  calibrate  a  burette  one  may 
either  run  known  volumes  of  water 
from  the  burette  into  a  weighing 
bottle,  and  calculate  the  volumes  from 
the  weights,  or  what  is  far  easier,  use 
an  Ostwald  calibrating  pipette  (Fig.  2). 
This  pipette,  which  has  a  volume  of  2  c.c.  between  the 
marks  a  and  6,  is  attached  to  the  burette  as  indicated 
in  Fig.  3. 

The  burette  is  then  filled  up  to  the  zero  mark  with 
distilled  water,  and  the  pipette  up  to  the  mark  a.  The 
tap  t  is  then  carefully  opened  and  the  pipette  slowly 
filled  to  the  mark  6,  the  tap  is  then  closed  and  the  height 
of  the  water  in  the  burette  noted.  The  pinchcock  p  is 
then  opened  and  the  liquid  run  from  the  pipette  until 
the  meniscus  stands  at  a.  The  process  is  then  repeated 
until  the  burette  is  empty.  The  volume  of  the  cali- 
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brating  pipette  should  always  be  checked  by  running 
two  or  three  quantities  of  water  into  a  stoppered  weigh- 
ing bottle,  and  weighing  them.  In  this  way  we  have 
the  true  volumes  of  various  sections  of  the  burette. 
These  corrections  are  made  use  of  by  calculating  the 


Pio.  2.  FIG.  3. 

errors,    and    plotting    them    as    ordinates    against    the 
burette  readings  as  abscissae. 

Thus,  if  we  have  the  following  readings  of  the  burette : 

1-96,  3-98,  5-98,  8-02,  10'03,  11*99,  14*00,  IG'Ol 
for  a  series  of  withdrawn  quantities 

2,  4,  6,  8,  10,  12,  14,  16, 
then  the  errors  are 

+  0-04,  +0-02,  +002,  -0-02,  -0'03,  +  0'01,  ' 

+  0-00,  -0-01, 
which  must  be  added  to  the  burette  readings  to  give  the 
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correct  value.  Fig.  4  represents  a  correction  curve  drawn 
from  the  values  above.  Having  made  a  correction  curve, 
the  value  for  any  reading  can  be  obtained.  Attention 
must  be  paid  to  the  time  of  outflow  of  a  burette;  it 
should  never  be  less  than  half  a  minute  for  20  c.c.,  and 
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about  half  a  minute  should  elapse  before  the  reading  is 
taken. 

3.  Determination  of  Temperature 

Temperature  is  measured  by  means  of  thermometers, 
and  of  these  there  are  four  kinds.  1.  Mercury  thermo- 
meters (other  liquids  are  occasionally  substituted  for 
mercury  for  special  purposes);  2.  Gas  thermometers; 
3  Resistance  thermometers ;  and  4.  Thermoelectric  ther- 
mometers. Of  the  four  varieties,  mercury  thermometers 
are  in  most  general  use,  gas  thermometers  are  rarely 
used  and  only  for  very  special  purposes,  and  the  other 
two  are  used  for  determining  very  high  and  very  low 
temperatures.  The  mercury  thermometer  can  be  used 
up  to  350°  under  ordinary  circumstances,  but  by  filling 
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the  thermometer  tube  above  the  mercury  with  either 
nitrogen  or  carbon  dioxide  it  may  be  used  up  to  550°. 

A  thermometer  may  be  calibrated  by  one  of  two 
methods,  either  by  comparison  with  a  "normal"  thermo- 
meter, or  by  determining  a  number  of  fixed  points. 

To  calibrate  a  thermometer  by  comparison  with  a 
normal  thermometer :  the  two  thermometers  are  placed 
side  by  side  in  a  liquid  bath  and  the  temperature  of  .the 
bath  slowly  raised.  The  readings  of  the  two  thermo- 
meters are  recorded  every  degree,  and  the  errors  plotted 
against  the  readings  similarly  to  the  method  adopted  for 
burettes.  When  thermometers  are  newly  made  they 
change  the  position  of  their  zero  relatively  quickly, 
consequently  it  is  advisable  to  determine  the  zero  of  a 
new  thermometer  periodically  by  immersing  it  in  melting 
ice,  and  to  correct  all  readings  by  addition  or  subtraction 
of  the  amount  of  change. 

If  the  second  method  of  calibration  be  adopted,  the 
following  list  gives  a  series  of  fixed  points  which  may 
be  determined.  The  errors  at  these  points  are  plotted 
against  the  readings  as  before. 


Fixed  Point. 

Temperature. 

Melting  point  of  Ice,        - 

0°C.      ^ 

Transition  point  of  Na2CrO4  10H2O, 

19°  -85 

„       Na8S0410HA- 

32°  -38    S 

„        NaBr2H20,       - 

50°  -37 

„        SrCl26H20,        - 

61°'0 

„        Na3P0412H20,- 

73°-4 

„        Ba(OH)28H20,- 

77°'9 

Boiling  point  of  Water,  - 

^100°  -0  +  0-036  (P-  760) 

„       SnCJ4,    -        - 

t^\  14°  -2  +  0-028  (P^  760) 

„              „        Aniline, 

184°-2+0'051(P-760) 

„              „        Naphthalene, 

^218°'l  +0-058  (P-  760) 

„              „        Mercury, 

»^3570<1  +  0-075  (P  -  760) 
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where  P  represents  the  pressure  in  mm.  under  which  the 
comparison  is  made.  The  transition  points  mentioned 
above  are  apparent  melting  points,  and  the  temperature 
should  be  taken  during  the  melting,  the  mass,  being 
constantly  stirred. 

It  is  not  always  possible  to  keep  the  whole  of  the 
mercury  thread  at  the  temperature  of  the  bulb  during 
a  determination,  some  of  the  thread  usually  projects,  and 
for  an  exact  temperature  a  correction  must  be  applied. 
If  n  is  the  number  of  degrees  of  the  thread  exposed,  and 
ft  is  the  coefficient  of  apparent  expansion  of  mercury, 
T  the  temperature  determined,  and  t  the  mean  tempera- 
ture of  the  exposed  thread,  then  the  ^amount  of  the 
correction  is  given  by 

n/3(T-t). 

Both  the  mean  temperature  and  the  coefficient  of 
apparent  expansion  are  difficult  to  o"btain.  As  a  rule 
0°'01  is  added  for  each  division  exposed  for  temperatures 
up  to  100°,0°-02  for  temperatures  between  100°  and  ^00°, 
and  0°'07  for  temperatures  up  to  500°. 

Resistance  Thermometers.  These  thermometers  possess 
many  advantages  over  mercury  thermometers.  They  can 
be  used  over  a  very  wide  range  of  temperature,  from 
—  245°  to  1300°,  with  an  accuracy  of  -j^-0;  they  never 
change  their  zero  point,  and  there  is  no  exposed  thread 
to  correct  for. 

When  metals  are  heated  they  change  their  resistance 
to  an  electric  current  regularly  as  the  temperature  is 
changed,  hence  it  is  obvious  that  if  the  rate  of  change 
be  known,  it  is  possible  to  use  such  metals  to  measure 
temperature.  Experiment  has  shown  that  the  resistance 
of  pure  platinum  varies  with  the  temperature  according 
to  the  equation 
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where  R0  represents  the  resistance  at  0°,  and  a  and  ft  are 
constants.  It  is  obvious  that  if  the  value  of  Rt  be 
determined  at  three  temperatures,  R0,  a  and  ft  will  be 
known.  Dewar  and  Fleming  have  shown  that,  at  the 
absolute  zero,  the  resistance  of  platinum  is  zero.  Hence 
if  two  other  well  defined  temperatures  be  chosen,  e.g.  the 
melting  point  of  ice  and  the  boiling  point  of  water,  and 
the  resistance  determined  at  them,  all  the  data  necessary 
for  calculating  a  and  ft  are  known.  The  expressions  are 


0=  R_273  =  R0(l  _(273 

The  values  of  a  and  ft  are  obtained  by  solving  the  above 
equations. 

A  curve  can  now  be  constructed,  showing  the  relation- 
ship between  temperature  and  resistance,  by  calculating 
the  values  of  Rt  by  inserting  different  values 
of  t  in  the  general  expression.  The  values 
of  Rt  are  plotted  as  ordinates  against  the 
temperatures  as  abscissae. 

A  resistance  thermometer  consists  of  a 
length  of  very  thin  pure  platinum  wire, 
about  a  metre  long,  wound  on  a  mica  cross 
a  (Fig.  5).  The  ends  of  the  platinum  are 
soldered  on  to  thick  copper  leads  b.  The 
whole  is  contained  in  a  glass  or  quartz 
tube  c,  which  is  fitted  with  a  stopper  d 
through  which  the  leads  pass.  The  stopper 
must  be  made  of  some  material  which  will 
withstand  the  temperature  to  which  it  is  to 
be  subjected,  e.g.  asbestos. 

To  make  a  measurement,  the  copper  ends 
of  the  thermometer  are  connected  to  one 


FIG.  5. 


arm  of  a  Wheatstone  bridge  as  indicated  in  Fig.  6,     The 
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thermometer  is  then  immersed  up  to  the  stopper  in  the 
substance  whose  temperature  is  to  be  determined.  After 
waiting  for  several  minutes  for  the  thermometer  to 
take  on  the  temperature,  the  resistance  is  measured. 


R, 


Fio.  6. 

Alongside  the  leads  of  the  resistance  thermometer  a 
similar  pair  of  leads  of  the  same  wire  are  placed,  these 
are  connected  at  the  end  nearest  the  thermometer,  and 
are  known  as  the  compensator.  The  resistance  of  the 
compensator  is  measured  before  and  after  the  thermo- 
meter is  placed  in  position.  The  object  of  this  is  to 
compensate  for  any  change  in  the  resistance  due  to 
change  in  the  temperature  of  the  leads. 

If  Rt  is  the  resistance  of  the  thermometer  and  leads  at 
a  temperature  t,  and  Rj  and  R2  the  resistance  of  the 
compensator  before  and  after  the  thermometer  has  been 
placed  in  position,  then  the  resistance  Rt  must  be 
reduced  by  an  amount  (R2  — RI)  to  give  the  correct 
resistance  of  the  thermometer.  The  temperature  can 
now  be  obtained  from  the  resistance  temperature 
curve. 
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Thermo-electric  Thermometers  or  Thermocouples.  If  two 
metals  be  joined  together  at  both  ends  to  form  a  loop, 
and  one  joint  of  the  loop  be  heated,  an  electric  current 
will  flow  round  the  circuit  in  one  or  other  direction, 
depending  on  the  nature  of  the  metals.  The  electro- 
motive force  of  the  current  will  depend  upon  the  differ- 
ence of  temperature  between  the  two  joints.  This 
principle  has  been  made  use  of  in  thermo-electric 
thermometers.  Two  wires,  of  metals  suitably  chosen 
to  withstand  the  temperatures  to  which  they  are  to 
be  exposed,  are  soldered  together  at  one  end  and  placed 
in  a  glass  or  silica  tube.  The  free  ends  pass  out  at 
the  end  of  the  tube.  Such  an  arrangement  constitutes 
a  thermo-electric  thermometer.  The  two  free  ends  are 
connected  to  one  arm  of  a  Wheatstone  bridge,  and  the 
electromotive  force  determined  when  the  couple  is  sub- 
jected to  different  temperatures.  In  these  determinations 
it  is  all-important  that  the  joints  of  the  free  ends  of  the 
couple  with  the  bridge  should  be  at  the  same  temperature, 
and  this  temperature  must  be  known,  for  the  electro- 
motive force  depends  on  the  difference  of  the  temperatures 
of  the  junctions. 

A  couple  must  be  calibrated,  and  a  temperature 
electromotive  force  curve  prepared,  before  it  can  be  used. 
This  is  done  by  immersing  it  in  substances  of  known 
temperature,  and  measuring  the  electromotive  force  for 
each  temperature.  The  difference  in  temperature  between 
the  connections  of  the  couple  and  the  bridge,  and  the 
couple  itself,  are  plotted  as  abscissae  against  the  electro- 
motive force  as  ordinates.  It  is  usual  in  calibrating  a 
couple  to  place  the  connection  with  the  bridge  in  a 
constant  temperature  bath. 

As  fixed  points,  those  given  already  under  the  descrip- 
tion of  mercury  thermometers  may  be  used,  and  in 
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addition  the  following  are  reliable  points  for  high  and 
low  temperatures : 


Fixed  Point. 


Temperature. 


Boiling  point  of  Oxygen, 

Melting  point  of  Ether,   - 

„  „       Nitrous  Oxide, 

„  „       Sulphur  Dioxide,  - 

„  „       Mercury, 

„  „       Cadmium, 

Boiling  point  of  Sulphur, 

Melting  point  of  Antimony,     - 
»       Gold,     -        • 


-184°-2 +0-051  (P-7GO) 

-102° '3 

-72° -7 

-38° -9 

+  321°-7 

+  444°-8  +  0-088  (P  -  760) 

+  630° -7 

+  1064° 


Thermocouples  are  manufactured  provided  with  a 
voltmeter  in  which  the  usual  scale  is  replaced  by  a 
temperature  scale.  This  has  been  calibrated  for  the 
particular  couple  attached  to  it.  Measurements  by  this 
type  of  instrument  are  not  so  accurate  as  those  carried 
out  as  described  above.  Below  is  given  a  list  of  the 
couples  in  general  use,  together  with  maximum  tempera- 
tures for  which  they  may  be  employed. 


Materials. 


Maximum  Temperature. 


Platinum  ;  10  %  Platinum  Iridium  Alloy,  - 
Platinum  ;  10  %  Platinum  Rhodium  Alloy, 
Constantan  ;  Iron,      - 
Constantan  ;  Copper, 
Bismuth  ;  Antimony, 


1700° 

1700° 

1000° 

850° 

250° 


CHAPTER  III 

THERMOSTATS  AND  CONSTANT  TEMPERATURE 
OVENS 

THE  results  of  most  physical  determinations  are  de- 
pendent on  the  temperature  at  which  they  have  been 
obtained.  Consequently,  it  is  necessary  to  maintain  a 
steady  temperature  during  the  whole  of  the  experiment, 
or  at  least  during  that  part  of  it  which  is  influenced  by 
temperature.  Constant  temperatures  are  obtained  by 
surrounding  the  vessels  in  which  an  experiment  is  being 
conducted,  with  some  liquid  or  vapour  whose  temperature 
is  known  and  constant.  Such  constant  temperature 
baths  are  termed  thermostats,  and  for  our  purpose  may  be 
divided  into  two  groups :  (1)  Those  capable  of  furnishing 
a  constant  temperature  for  a  comparatively  short  period, 
and  (2)  those  which  maintain  a  constant  temperature  for 
an  indefinitely  long  period. 

1.  Thermostats  for  Short  Periods.  The  simplest  and 
crudest  form  of  thermostat  consists  of  a  large  beaker  or 
metal  vessel  tilled  with  water,  whose  temperature  is 
kept  about  the  required  point  by  a  bunsen  burner  which 
is  regulated  by  hand  to  keep  the  temperature  at  the 
required  point.  A  stirrer  is  placed  in  the  vessel,  and  by 
constant  stirring  and  careful  regulation  of  the  heating,  a 
moderately  constant  temperature  may  be  maintained  for 
two  or  three  hours.  In  many  cases  it  is  only  necessary 
s.c.  c 
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to  keep  the  temperature  constant,  the  actual  temperature, 
so  long  as  it  is  known,  being  immaterial.  Such  a  tem- 
perature may  generally  be  obtained  by  using  a  large 
vessel  of  water  which  has  stood  in  the  room  for  some 
hours,  it  will  generally  have  a  temperature  slightly 
below  that  of  the  room,  but  it  will  not  vary  much  in  the 
course  of  an  hour  or  two.  In  the  case  of  low  tempera- 
tures, e.g.  0°,  a  constant  temperature  may  be  obtained  by 
packing  crushed  ice  round  the  experimental  vessels,  and 
leading  away  the  water  as  quickly  as  it  is  formed  by  the 
melting  ice.  Other  low  temperatures  can  be  obtained 
by  placing  the  experimental  vessels  in  a  metal  box 
which  is  surrounded  by  a  concentrated  solution  of  a  salt 
which  forms  a  cryohydrate.  This  box  in  its  turn  is 
surrounded  by  some  cooling  agent,  which  will  produce  a 
slightly  lower  temperature  than  the  cryohydric  tempera- 
ture of  the  salt  in  the  inner  box.  The  effect  of  the  outer 
cooling  is  to  lower  the  temperature  of  the  solution  in  the 
inner  box  to  the  cryohydric  point,  where  it  remains 
stationary  until  all  has  solidified,  thus  cooling  and 
maintaining  the  experimental  vessels  at  the  cryohydric 
temperature.  Below  are  given  a  few  salts,  together 
with  their  cryohydric  temperatures,  which  may  be  used 
for  this  purpose. 


Salt. 

Cryohydric  Temperature. 

Sodium  Chloride, 
Ammonium  Sulphate, 
Potassium  Chloride,  - 
Potassium  Nitrate,    - 

-22° 
-17° 
-11° 
-3° 

For  high  temperatures,  good  results  may  be  obtained 
by  using  the  vapours  of  liquids  at  their  boiling  points. 
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Such  temperatures,  it  is  true,  depend  on  the  barometric 
height,  but  for  experiments  lasting  only  a  few  hours  this 
is  unlikely  to  occasion  any  serious  difficulty.  A  ther- 
mostat of  this  type  may  be  made  of  either  metal,  glass 
or  porcelain,  as  indicated  in  Fig.  7,  fitted  with  a  con- 


1 
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-B 


FIG.  7. 


FIG.  8. 


denser  C.  The  inside  vessel  A  is  filled  with  water  or 
some  other  liquid  depending  on  the  temperature  required, 
and  this  is  heated  by  the  vapour  of  the  liquid  in  the 
outer  vessel  B.  The  experimental  vessels  and  substances 
are  placed  in  the  liquid  in  the  vessel  A,  and  so  kept  at  a 
constant  temperature. 

Another  arrangement,  depicted  in  Fig.  8,  may  be  used 
when  water  or  high  boiling  non-inflammable  substances 
are  used  for  heating.  In  this,  the  experimental  vessels 
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are  placed  directly  in  the  vapour  itself,  care  being  taken 
that  they  do  not  stand  in  such  a  position  that  the  liquid 
from  the  condenser  C  falls  upon  them.  S  is  a  perforated 
shelf  on  which  the  vessels  may  be  placed. 

For  thermostats  of  the  types  mentioned  above,  the 
following  liquids  may  be  used  : 


Liquid. 


Acetone, 

Water, 

Toluene, 

Aniline, 

Dirnethylanilin 

Quinoline,     - 


Boiling  Point. 


56° 
100° 
110° 
184° 
192° 


For  other  forms  of  vapour  baths  see  Chapter  VII. 

2.  Thermostats  for  Long  Periods.  All  thermostats 
required  to  maintain  constant  temperature  for  an  in- 
definitely long  period  of  time  are  fitted  with  devices 
for  automatically  regulating  the  temperature.  Such 
thermostats  consist  of  large  rectangular  metal  tanks, 
coated  outside  with  thick  felt,  and  filled  with  some  liquid, 
generally  water,  which  is  heated  by  a  small  gas  flame, 
whose  height  is  automatically  regulated. 

A  useful  form  of  temperature  regulator  is  illustrated 
in  Fig.  9.  It  consists  of  a  large  glass  bulb  A,  connected  to 
a  stout-walled  capillary  tube  B,  which  is  in  its  turn  con- 
nected to  a  wider  tube  C,  at  its  upper  end.  This  wider 
tube  has  a  side  tube  D,  and  is  fitted  with  a  rubber 
stopper,  through  which  is  placed  a  glass  tube  E,  drawn 
out  to  a  capillary.  A  tiny  pinhole  F  is  pierced  in 
the  wide  part  of  E.  The  bulb  EA  is  filled  with  a  liquid 
of  fairly  large  coefficient  of  expansion,  e.g.  paraffin  oil, 
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toluene,  or  a  20  per  cent,  solution  of  calcium  chloride  in 
water.  To  fill  A,  the  side  tube  D  is  closed  with  a  piece  of 
rubber  tubing  and  a  clip,  C  is  then  con- 
nected to  a  water-pump  and  the  apparatus 
exhausted.  The  tube  connecting  C  to  the 
pump  is  then  closed  by  a  pinchcock,  and 
that  attached  to  D  is  dipped  into  the  liquid 
with  which  A  is  to  be  filled,  and  the  clip 
opened.  In  this  way  a  quantity  of  liquid 
is  caused  to  rush  into  the  bulb.  The  bulb 
is  then  placed  in  a  vessel  of  hot  "water, 
and  again  exhausted,  and  the  process 
repeated,  until  finally  the  bulb  is  entirely 
filled.  The  capillary  is  then  filled  with 
clean  mercury.  The  regulator  is  now 
placed  in  the  thermostat,  the  tube  E  is 
connected  to  the  gas  supply,  and  D  to  the 
burner  placed  beneath  the  thermostat.  As 
the  temperature  of  the  bath  rises,  the  mer- 
cury will  be  driven  up  the  capillary  by  the 
expanding  liquid  in  A,  until  finally  it  reaches 
the  end  of  E  and  closes  the  main  gas 
supply.  A  small  flame  is  maintained  by 
the  gas  coming  through  the  tiny  hole  F. 
As  the  bath  cools  down  the  mercury  recedes,  and  the 
end  of  E  is  opened  again,  and  the  flame  increases  in 
size  again.  The  position  of  the  tube  E,  and  the  amount 
of  mercury  in  C,  must  now  be  so  regulated  that  E  is 
just  closed  at  the  required  temperature,  i.e.  the  main 
gas  supply  is  cut  off  when  the  water  of  the  bath  has 
reached  the  desired  temperature.  There  are  numerous 
varieties  of  temperature  regulator,  but  as  the  principle 
involved  is  the  same  as  that  just  described,  it  seems 
unnecessary  to  describe  them  individually  here. 


FIG.  9. 
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Should  the  thermostat  be  arranged  for  temperatures 
above  50°,  it  is  necessary  to  have  some  arrangement  for 
constantly  adding  water  to  compensate  for  the  loss  by 
evaporation.  The  well-known  constant-level  device  used 
for  water  baths  is  quite  suitable  for  this  purpose.  It 
consists  of  a  wide  metal  tube  A  (Fig.  10),  which  is 


f-B 


FIG.  10. 

soldered  to  the  side  of  the  thermostat,  as  indicated  in 
the  diagram.  A  narrower  tube  B  is  fitted  into  A,  so 
that  its  upper  end  is  level  with  the  height  of  water 
required  in  the  thermostat.  The  lower  end  of  B  is  con- 
nected to  the  waste  pipe.  Water  enters  the  apparatus 
by  the  side  tube  C,  and  should  the  level  of  the  water  in 
the  thermostat  be  below  that  of  the  tube  B,  then  water 
will  enter  the  thermostat  until  the  heights  are  adjusted, 
and  then  the  stream  from  the  tap  will  flow  away  by 
means  of  B. 

A  much  simpler  device  will,  however,  keep  the  level 
constant.  This  consists  of  a  metal  tube  E  (Fig.  10), 
soldered  to  the  inside  of  the  thermostat,  and  an  outlet 
tube  F  placed  at  the  maximum  level  height.  This 
arrangement  serves  other  purposes  than  the  one  just 
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mentioned.  In  the  summer  months,  when  working  at 
temperatures  between  15°-25°,  the  atmospheric  tempera- 
ture often  exceeds  that  required  in  the  thermostat,  so 
that  the  temperature  regulator  is  rendered  ineffective. 
Under  such  circumstances  it  is  usual  to  lead  in  a  stream 
of  cold  water.  This  can  be  done  by  the  constant  level 
arrangement  above,  and  if  the  flame  be  left  burning 
below  the  thermostat,  and  the  stream  be  not  too  rapid, 
the  combined  heating  and  cooling  will,  with  a  good 
temperature  regulator,  just  balance  arid  keep  the  ther- 
mostat correct.  This  is  particularly  useful  in  summer, 
for  often  the  temperature  of  the  atmosphere  falls  at 
night,  and  with  this  double  arrangement  of  heating  and 
cooling  the  temperature  will  be  kept  constant. 

Despite  all  temperature  regulators,  the  thermostat  will 
be  useless  unless  constantly  stirred.     For  this  purpose 
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numerous  propeller-like  stirrers  have  been  devised, 
which  are  driven  either  as  in  A  (Fig.  11),  by  a  light 
vane  whose  motive  power  is  a  tiny  flame,  or  by  a  motor 
as  in  type  B. 
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In  very  many  determinations,  liquids  and  solids  require 
to  be  shaken  at  constant  temperature  for  prolonged 
periods.  This  being  the  case,  it  is  advisable  that  the 
thermostat  should  be  fitted  up  with  an  arrangement  for 
shaking,  which  will  at  the  same  time  serve  as  a  very 
efficient  stirrer.  Fig.  12  illustrates  a  useful  rotary 
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shaker.  This  slides  into  grooves  fitted  on  two  parallel 
sides  of  the  thermostat.  It  consists  of  two  metal  bars  A, 
which  are  held  together  by  two  brass  rods  D.  This 
framework  just  fits  into  the  grooves  on  the  sides  of  the 
thermostat,  and  carries  an  axle  K.  To  one  end  of  the 
axle  a  pulley  H  is  attached,  and  on  either  side  of  it  are 
brass  plates,  cut  into  which  are  deep  V-shaped  notches. 
To  each  pair  of  notches,  a  wooden  clamp  W,  actuated  by 
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a  thumbscrew  FG,  is  attached.  These  serve  to  hold  the 
bottles  and  flasks  which  are  to  be  shaken.  The  axle  and 
shaking  arrangement  are  rotated  by  a  belt  passing  round 
the  pulleys  H  and  C.  The  pulley  C  is  fixed  on  the  same 
axle  as  a  second  pulley  B,  which  is  directly  driven  from 
a  motor.  The  two  screws  S  represent  an  arrangement 
for  changing  the  distance  between  C  and  H,  and  are 
extremely  useful  for  tightening  the  belt  when  it  has 
worked  slack. 

A  thermostat  fitted  up  in  the  above  way  will  give  a 
temperature  which  does  not  fluctuate  more  than  T\j°,  but 
generally  it  may  not  be  used  above  100°  C.  If,  however, 
water  be  substituted  by  a  concentrated  calcium  chloride 
solution,  it  may  be  used  for  temperatures  up  to  150°. 
Temperatures  higher  than  this  are  rarely,  if  ever,  re- 
quired for  long  periods,  and  if  they  are,  then  it  is 
advisable  to  use  a  constant  temperature  oven. 

High  Temperature  Ovens.  When  an  electric  current 
passes  through  a  wire  of  high  resistance,  it  raises  the 
temperature  to  an  amount  which  may  be  determined  by 
the  amount  of  current  passing,  and  the  resistance  of  the 
wire.  This  fact  has  been  applied  to  the  heating  of  ovens 
for  chemical  purposes.  For  physico-chemical  purposes, 
however,  if  this  method  of  heating  is  to  be  of  any  use,  it 
must  be  possible  to  regulate  the  temperature.  This  is 
achieved  in  the  following  manner :  A  coil  of  wire  of 
high  resistance  A  (Fig.  13)  constitutes  the  heating  part 
of  the  apparatus.  This  is  wound  round  the  oven,  which 
may  be  of  any  shape  from  a  long  cylindrical  tube  to  a 
rectangular  box.  [In  the  figure  it  is  represented  by  a 
rectangular  box  B.]  The  wire  must  be  insulated  with 
respect  to  its  several  coils,  it  is  therefore  usual  to 
surround  the  oven  with  asbestos  before  the  wire  is  wound 
on.  The  wire  is  then  enclosed  by  a  second  metal  box, 
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which  is  similarly  coated  with  asbestos  to  prevent 
excessive  loss  of  heat.  A  temperature  regulator  C  is  fitted 
into  the  box.  This  differs  from  the  regulator  described 

o 

before,  in  being  entirely  filled  with  mercury,  it  is  in  fact 
a  thermometer  which  has  a  large  bulb.  A  platinum 
wire  L  is  fused  through  the  bulb  of  the  regulator  to 
make  electrical  contact  with  the  mercury.  A  stout 
platinum  wire  M  passes  through  the  cork  at  the  top  of  the 
regulator.  The  two  wires  M  and  L  are  connected  through 


H 


FIG.  13. 

a  small  battery  of  2-3  accumulator  cells  with  a  small 
electromagnet  D,  as  shown  in  the  diagram.  The  heating 
coil  A  is  connected  through  a  variable  resistance  with  a 
large  battery,  or  with  some  other  source  of  current.  The 
circuit  is  completed  by  way  of  the  cup  of  mercury  G,  a 
thick  platinum  point  H  and  the  lever  EH,  as  indicated  in 
the  diagram.  The  level  is  suspended  on  a  fulcrum  F, 
and  carries  a  small  piece  of  soft  iron  E  at  one  end,  and 
in  its  normal  position  lies  so  that  the  platinum  point  H 
is  immersed  in  the  mercury.  When  the  current  is 
switched  on,  and  the  oven  begins  to  heat  up,  the  mercury 
in  the  regulator  expands  and  rises  in  the  capillary  tube, 
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until  ifc  finally  touches  the  platinum  wire  M.  When  this 
happens  the  electromagnet  circuit  is  complete,  and  the 
soft  iron  E  is  drawn  down  to  the  magnet  core.  This 
withdraws  the  platinum  point  H  from  the  mercury  in  G 
and  thus  breaks  the  main  circuit,  thereby  cutting  off*  the 
heat  supply  from  the  oven.  When  the  temperature  has 
fallen  a  little,  the  mercury  recedes  in  the  regulator,  and 
the  electromagnet  circuit  is  broken,  thus  releasing  E  and 
again  completing  the  main  circuit.  Any  definite  tempera- 
ture may  be  obtained  in  the  oven  by  adjusting  the 
amount  of  mercury  in  C  and  by  regulating  the  position 
of  M.  An  arrangement  such  as  that  described  is  suitable 
for  temperatures  up  to  350°.  For  higher  temperatures  a 
rod  of  metal  may  be  used  as  regulator,  which  by  its 
expansion  sets  the  magnet  in  action  in  a  way  similar  to 
the  mercury  regulator. 

Electric  heating  can  obviously  be  adapted  to  water 
thermostats.  The  arrangement  is  practically  the  same 
as  that  described  above,  the  ordinary  toluene  regulator 
may  be  used,  but  the  lower  electrical  connection  is  made 
through  the  stem  and  not  through  the  bulb.  The 
heating  wire  is  placed  round  the  bottom  of  the  ther- 
mostat on  the  inside,  and  insulated  from  the  metal  by  a 
number  of  porcelain  studs  which  are  cemented  to  the 
bottom. 


CHAPTER  JV 
MANIPULATION   OF  GASES 

BEFORE  proceeding  to  the  description  of  methods  for 
determining  the  density  of  gases,  it  will  be  well  to 
consider  briefly  their  manipulation.  The  first  essential 
in  the  determination  of  the  density  of  a  gas  is  that  it 
should  be  pure  and  dry.  The  question  of  the  purity  of 
gases  cannot  be  dealt  with  here;  information  on  this 
subject  must  be  sought  in  works  of  reference  on 
Chemistry.  A  few  remarks,  however,  on  the  drying 
of  gases  may  not  be  entirely  out  of  place.  A  gas 
is  most  effectually  dried  by  passing  it  through  con- 
centrated sulphuric  acid  followed  by  a  considerable 
length  of  phosphorus  pentoxide.  These  substances  must 
obviously  not  be  used  for  gases  which  react  with  "them; 
they  may  be  used  for  most  of  the  commoner  gases,  the 
chief  exceptions  being  ammonia,  nitric  oxide  and  sul- 
phuretted hydrogen.  Ammonia  should  be  dried  by 
passing  it  slowly  through  a  long  tube  of  quicklime,  or 
barium  oxide.  Nitric  oxide  and  sulphuretted  hydrogen 
are  usually  dried  by  liquefying  and  then  distilling  off 
the  gas  from  the  moisture.  The  pure  gas  having  been 
obtained,  it  has  next  to  be  introduced  into  an  evacuated 
bulb,  in  which  it  is  weighed.  The  bulb  is  exhausted,  and 
the  gas  introduced  by  means  of  one  01  the  many  mercury 
pumps.  Of  these  the  one  best  suited  to  our  purpose  is 
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the  Toepler  pump,  which  is  comparatively  simple  in 
construction,  and  easily  operated. 

Toepler  Mercury  Pump.  The  pump  consists  of  a  cylin- 
drical chamber  or  barrel  A  (Fig.  14),  which  is  about  20  cm. 
long  and  about  5  cm.  diameter. 
The  ends  of  the  barrel  are 
tapered  down  to  about  1'8  cm. 
diameter,  and  the  narrowed 
ends  are  joined  by  a  tube  B  of 
about  1*5  cm.  diameter.  The 
joints  between  A  and  B  must 
be  made  as  acute-angled  as 
possible,  otherwise  there  will 
be  great  danger  of  breaking 
the  pump  when  it  is  in  opera- 
tion. A  narrower  side  tube  C 
is  attached  to  B,  this  carries  a 
glass  valve  D,  and  is  connected 
to  a  drying  tube  E  which  is 
filled  with  phosphorus  pent- 
oxide,  and  closed  by  a  well- 
fitting  three-way  tap  F.  A. 
stout-walled  capillary  tube  G 
is  attached  to  the  top  of  the 
pump  chamber,  this  should  be 
about  80  cm.  long,  and  bent 
at  its  lower  end  as  indicated, 
so  that  any  gas  expelled  from 
the  pump  may  be  collected- 
A  tube  J,  about  80  cm.  long  FI(J  14 

and     T3     cm.     diameter,     is 

attached  to  the  lower  end  of  the  pump  barrel ;  this  tube 
is  made  long  so  that,  when  the  pump  is  evacuated,  the 
mercury  will  always  stand  below  the  junction  of  B  with 
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the  barrel.  The  capillary  G  dips  into  a  small  stout- 
walled  dish  K  containing  mercury,  and  the  end  of  J  is 
connected  by  a  piece  of  thick- walled  rubber  pressure 
tubing,  150  cm.  long,  with  a  mercury  reservoir  M.  The 
whole  is  attached  to  a  suitable  wooden  stand,  as  indicated 
in  the  diagram. 

To  use  the  pump,  it  should  first  be  evacuated;  this 
is  effected  by  slowly  raising  the  reservoir  and  thereby 
causing  the  mercury  to  rise  and  fill  the  barrel  A,  the  side 
tube  B  and  the  tube  C  up  to  the  valve.  This  will  expel 
the  air  contained  in  those  parts  by  way  of  the  capillary. 
The  reservoir  is  then  cautiously  lowered;  this  releases 
the  valve  D,  and  the  air  contained  in  the  drying  tube 
rushes  into  the  barrel  by  way  of  the  side  tube  B.  The 
reservoir  is  lowered  until  there  is  no  mercury  in  the 
barrel,  and  then  raised  again  to  expel  the  contents  of 
the  barrel.  This  process  is  repeated  until  the  pump  is 
evacuated,  i.e.  until  no  bubbles  of  air  are  expelled  from 
G  on  raising  the  reservoir  and  completely  filling  the 
barrel  with  mercury.  Care  must  be  taken  during  the 
first  three  or  four  strokes  not  to  lower  the  reservoir  too 
quickly,  otherwise  the  mercury  may  be  driven  violently 
against  the  top  of  the  evacuated  barrel  by  the  incoming 
air.  Further,  when  the  pump  is  nearly  exhausted,  the 
reservoir  should  not  be  raised  too  rapidly,  or  the  mercury 
may  be  thrown  violently  against  the  top  of  the  barrel 
and  so  break  it.  All  taps  and  ground  joints  connected 
with  a  mercury  pump,  and,  indeed,  with  all  apparatus 
used  in  connection  with  work  on  gases,  should  be  kept 
well  greased  with  a  lubricant  which  is  absolutely  non- 
volatile, and  which  does  not  react  in  any  way  with  the 
gases  it  comes  in  contact  with.  Such  a  lubricant  is  the 
one  proposed  and  used  by  Ramsay.  It  is  made  by  heat- 
ing together  on  a  sandbath  a  mixture  of  twenty  parts  of 
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soft  indiarubber,  ten  parts  of  vaseline  and  one  and  a 
half  parts  of  hard  paraffin  wax.  The  mass  must  be 
constantly  stirred  until  it  is  homogeneous,  it  will  then 
keep  indefinitely. 

An  improved  and  simplified  form  of  Toepler  pump  has 
recently  been  described  by  A.  von  AnthropofF  (Chem. 
Zeit.  1910,  34,  979).  This  pump  differs  from  the  older 
form  chiefly  in  the  design  of  the  barrel  and  the  side 
tubes  connected  to  the 
barrel.  Fig.  15  illustrates 
the  portion  of  the  pump 
which  has  been  changed. 
The  barrel  A  is  placed  at  an 
angle  of  45°  to  the  tube 
by  which  the  mercury 
enters,  and  also  to  the  tube 
carrying  the  valve  B.  The 
side  tube  connecting  the  top 
and  bottom  of  the  barrel 
has  been  done  away  with. 
The  special  advantage  in 
this  pump  is  that  it  is  not 
so  liable  to  breakage  as  the 
other  form.  As  will  be 
seen  from  the  diagram,  it 
is  impossible  for  mercury  to  be  thrown  violently  against 
the  top  of  the  pump,  at  the  worst  it  can  only  hit  the 
side  of  the  barrel,  and  here  the  blow  is  not  a  direct  one. 
Further,  there  are  fewer  joints,  and  the  intermediary 
tube,  which  is  the  great  weakness  in  the  original  Toepler 
pump,  is  not  present  at  all. 

To  exhaust  a  bulb  or  other  piece  of  apparatus,  it  is 
connnected  to  one  of  the  tubes  of  the  three-way  tap, 
either  by  fusing  the  tubes  together,  or  by  means  of  a 
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piece  of  thick-walled  rubber  tubing  which  is  well 
wired  on.  If  the  latter  method  be  adopted,  the  two 
glass  tubes  must  be  brought  together  so  that  they  touch. 
Having  attached  the  apparatus,  the  tap  is  opened  so 
that  there  is  connection  with  the  interior  of  the  pump, 
and  the  process  of  evacuation  proceeds  as  already 
indicated.  The  apparatus  may  now  be  filled  with  gas 
while  still  attached  to  the  pump.  If  the  gas  is  easily 
obtained,  the  generator  or  gas-holder  may  be  directly 
connected  to  the  free  end  of  the  pump  tap.  Precautions 
must  be  taken  for  ensuring  that  the  gas  is  dry,  and  that 
all  connecting  tubes  are  free  from  air.  General  directions 
cannot  be  given  to  meet  every  case,  and  they  must  be 
devised  before  proceeding  with  the  experiment,  to  meet 
the  special  conditions.  Having  connected  the  pump 
with  the  gas  supply,  the  tap  is  opened,  and  the  gas 
admitted  into  the  pump  barrel.  The  stop-cock  is  then 
turned  so  that  connection  is  made  with  the  exhausted 
piece  of  apparatus.  The  gas  will  rush  into  it,  atmo- 
spheric pressure  being  obtained  by  raising  the  mercury 
reservoir  until  the  heights  of  the  mercury  in  the  pump 
barrel  and  the  reservoir  are  the  same.  The  tap  of  the 
pump  is  then  closed,  and  also  the  tap  of  the  apparatus 
which  has  been  filled  with  gas.  The  apparatus  may 
then  be  detached  from  the  pump  and  weighed. 

If  the  gas  to  be  examined  can  only  be  obtained  in 
small  quantities,  and  is  contained  in  a  small  tube  stand- 
ing over  mercury,  it  may  be  introduced  into  the  pump 
by  fusing  on  to  the  free  tube  of  the  pump  tap  a  piece 
of  stout  capillary  tubing  bent  .as  in  Fig.  16.  The  end 
of  this  tube  is  drawn'  out  to  a  point  and  sealed.  The 
tube  is  then  exhausted  and  placed  in  a  deep  mercury 
trough,  and  the  tube  containing  the  gas  is  brought  over 
it.  Then  the  capillary  is  raised  until  it  reaches  the 
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top  of  the  tube,  and  its  point  is  broken  off  by  pressing 

it  against  the  side.     The  tap  is  then  opened,  and  the  gas 

enters  the  pump,  followed  by  mercury, 

which    is    allowed    to    enter    until    the 

stopcock   is  passed.     The  gas  can  now 

be   driven   into   an   exhausted    bulb   as 

described  above. 

Purification  of  Mercury.  It  is  important 
in  working  with  pumps  and  gases,  that 
the  mercury  used  should  be  pure  and 
dry,  otherwise  it  will  leave  a  "  tail " 
which  will  dirty  the  pump  and  may 
affect  the  gases  which  come  in  contact 
with  it.  For  the  purpose  of  purification 
we  may  divide  the  impurities  of  mercury 
into  two  groups  :  FIG.  16. 

(i)  Metals  which  are  more  electro-positive  than  mercury, 
e.g.  Zinc,  Iron,  Copper,  etc. 

(ii)  Metals  which  are  less  electro-positive  than  mercury, 
e.g.  Gold. 

1.  Removal  of  Metals  more  electro-positive  than  Mer- 
cury. One  of  the  simplest  methods  for  the  removal 
of  these  impurities  is  to  place  the  mercury  in  a  wide 
Drechsel  bottle,  cover  it  with  a  solution  of  mercurous 
nitrate  containing  a  few  drops  of  nitric  acid,  and  draw 
a  current  of  air  through  for  several  hours,  by  means  of 
a  water  pump. 

Equally  effective  and  simple  is  the  method  which 
consists  in  placing  about  250  grams  of  mercury  in  a 
stoppered  bottle  with  a  little  mercurous  nitrate,  and 
shaking  in  a  mechanical  shaker  for  several  hours.  The 
stopper  of  the  flask  must  be  well  wired  on  in  this 
method  of  treatment. 

When  the  mercury  has  been  treated  by  one  of  the 
s.c.  D 
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former  methods,  or  if  it  is  not  very  impure,  it  may 
be  obtained  quite  pure  by  allowing  it  to  run  down 
a  long  column  of  mercurous  nitrate  solution.  The 
apparatus  for  this  treatment  con- 
sists of  a  long  wide  tube  A  (Fig.  17), 
to  whose  lower  end  a  capillary 
tube  of  1  mm.  bore,  and  bent  as  in 
the  diagram,  is  attached.  The  tube 
is  mounted  on  a  wooden  stand, 
and  a  funnel  B,  which  is  drawn 
out  to  a  fine  point,  is  placed  at  the 
top  of  the  tube.  The  funnel  causes 
the  mercury  to  flow  in  a  fine  stream 
of  drops.  By  this  method  the 
mercury  flows  from  the  capillary 
pure  and  dry. 

2.  Removal  of  Metals  less  electro- 
positive than  Mercury.  Metals 
which  are  less  electro- positive  than 
mercury  can  only  be  removed  by 
distilling  the  mercury ;  this,  under 
ordinary  circumstances,  is  a  very 

/ i/        disagreeable  process.     Dunstan  and 

Dymond  (Phil.  Mag.  1890,  p.  367) 
Pia  17-  have,  however,  described  a  piece  of 

apparatus  by  means  of  which  mercury  can  easily  and 
safely  be  distilled  in  a  Toricellian  vacuum. 

The  apparatus  consists  of  a  Jena  glass  tube  750  mm. 
long,  and  To  cm.'  wide,  A  (Fig.  18).  At  the  top  of 
this  tube  a  stout  bulb  B,  of  500  c.c.  capacity,  is  blown. 
This  tube  is  filled  with  mercury  and  stands  in  a  glass 
trough  C,  to^such  a  depth  that  the  bulb  is  half  filled 
with  mercury.  A  capillary  tube  D,  also  filled  with 
mercury,  passes  through  a  rubber  stopper  E  in  the  bottom 
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of  the  mercury  trough,  and  right  up  the  tube  B,  so  that 
about  3  cm.  project  into  the  bulb  A.  The  capillary 
tube  is  bent  as  indicated  in  the 
figure.  The  bulb  A  is  surrounded  by 
a  ring  burner  F,  and  protected  from 
the  direct  action  of  the  flame  by  a 
cone  of  asbestos  G ;  it  is  also  covered 
by  a  layer  of  asbestos.  When  the 
bulb  is  heated,  the  mercury  evaporates 
quietly  under  the  reduced  pressure, 
and  passes  down  the  capillary,  from 
which  it  drips  into  the  bottle  K. 
Fresh  mercury  for  distillation  is  added 
to  the  trough  C.  The  mercury  used 
for  distillation  must  be  dry,  free 
from  metals  more  electro-positive 
than  mercury,  and  from  solid  im- 
purities. Some  of  the  metals 
more  electro-positive  than  mercury, 
e.g.  zinc,  are  distinctly  volatile,  con- 
sequently distillation  would  not  effect 
a  purification.  Mercury  may  be 
freed  from  solid  impurities  by  filter- 
ing it  through  chamois,  or  through 
a  filter  paper  which  has  a  tiny 
pinhole  in  its  point.  Moisture  can 
best  be  removed  from  mercury  by  placing  it  in  a  steam 
oven  for  several  hours. 


Fio.  18. 


CHAPTER  V 

DETERMINATION   OF   DENSITY 

THE  conceptions  of  Density  and  Specific  Gravity  are 
often  somewhat  confused  in  their  application,  it  will  be 
well,  therefore,  at  the  outset  to  define  these  quantities. 

1.  Absolute  Density,  this  is  generally  known  simply  as 
density.     The  density  of  a  substance  is  the  mass  of  unit 
volume. 

2.  Specific  Gravity   is  the  ratio  of   the  density  of  a 
substance  at  any  temperature  to  the  density  of  water 
at   4°.     The   term   specific   gravity   is   only  applied   to 
liquids  and  solids. 

3.  Eelative  Density  is  the  ratio  of  the  density  of  a 
substance  at  a  given  temperature  to  that  of  a  standard 
substance  at  the  same  temperature. 

The  standards  for  relative  density  determinations  are 
not  the  same  for  gases  as  for  liquids  and  solids. 

For  gases,  hydrogen  is  the  standard  of  relative  density, 
although  in  many  cases  air  is  used.  It  is  obviously 
incorrect  to  use  a  substance  of  variable  composition  as 
a  standard,  and  consequently  all  relative  gaseous  density 
determinations  should  be  made  with  hydrogen  as  the 
unit.  In  making  relative  density  determinations  of 
gases,  it  is  essential  that  the  pressure  of  the  gas  and  the 
standard  of  comparison  should  be  the  same.  It  is  not 
necessary  that  this  should  be  the  normal  pressure,  i.e. 
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760  mm.  of  mercury,  for  under  moderate  pressure  changes 
all  gases  are  equally  affected. 

The  standard  used  for  determining  the  relative  density 
of  liquids  is  water,  so  that  the  relative  density  of  a  solid 
or  liquid  at  t°  may  be  expressed  by 

The  density  of  the  substance  at  t° 
The  density  of  water  at  t° 

In  physical  chemistry  we  often  express  our  density 
determinations  in  functions  of  the  density,  e.g.  Specific 
Volume,  Atomic  Volume,  and  Molecular  Volume. 

The  Specific  Volume  is  the  volume  occupied  by  unit 
weight  of  a  substance,  i.e.  it  is  the  reciprocal  of  the 
specific  gravity. 

Molecular  Volume  is  the  volume  occupied  by  the  mole- 
cular weight  of  a  substance  in  grams. 

Atomic  Volume  is  the  volume  occupied  by  the  atomic 
weight  of  an  element  in  grams. 

Thus,  if  d  be  the  specific  gravity,  v  the  specific  volume, 
m  the  molecular  volume,  a  the  atomic  volume,  A  the 
atomic  weight,  and  M  the  molecular  weight  of  an 
element,  the  following  expressions  give,  in  equation 
form,  the  relationships  of  the  various  factors: 

d  =  ->       v&  =  a,      t>M  =  m. 

v 

In  recording  a  density  determination  it  is  usual  to 
express  the  temperature  at  which  it  has  been  deter- 
mined, and  in  the  case  of  relative  density  and  specific 
gravity,  the  standard  from  which  it  has  been  obtained. 
Thus,  for  solids  and  liquids,  of  indicates  that  the  specific 
gravity  was  measured  at  25°  and  the  standard  was  water 
at  4°;  for  gases  D(H  =  1)  means  that  hydrogen  was  the 
standard  in  this  case.  The  densities  of  gases  are  always 
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obtained  from  volumes  reduced  to  normal  conditions,  i.e. 
0°  and  760  mm. 

1.  Density  of  Solids 

In  this  section  only  those  methods  will  be  considered 
which  are  in  general  use  for  chemical  purposes,  for  a 
description  of  other  methods,  the  student  is  referred  to 
text  books  on  Mechanics. 

The  volume  of  a  solid  is  never  determined  by  measure- 
ment of  its  axial  dimensions,  for  it  is  only  very  rarely 
that  the  form  of  a  solid  is  sufficiently  simple  and  regular 
to  allow  of  even  a  moderately  accurate  computation  of 
its  volume  being  made  by  this  method. 

The  volume  of  a  solid  is  determined  by  measuring 
either  the  weight  or  the  volume  of  a  liquid  displaced 
by  it. 

Before  proceeding  to  determine  the  volume  of  a  solid,  it 
must  be  carefully  examined  to  see  that  there  is  neither 
air  bubbles  nor  "mother  liquor"  locked  in  the  interior. 
Should  these  be  found,  it  must  be  powdered  and,  in  the 
case  of  the  presence  of  "  mother  liquor,"  pressed  between 
filter  papers  and  then  left  to  stand  in  the  air  for  several 
hours. 

(i)  Burette  Method.  The  simplest  method  of  determin- 
ing the  density  of  a  solid  is  to  place  a  small  weighed 
portion  of  the  substance  into  a  burette  containing  a 
measured  quantity  of  a  liquid,  which  neither  dissolves 
nor  has  any  action  on  the  solid  substance.  The  liquid 
will  then  give  a  different  reading  on  the  burette  scale. 
The  difference  between  the  initial  and  final  burette 
readings  gives  the  volume  of  the  solid. 

If  W  is  the  weight  of  the  substance  and  v  its  volume, 

w 
then  —  =  density. 
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(ii)  Specific  Gravity  Bottle  Method.  A  second  method, 
useful  for  finely  powdered  substances  and  small  crystals, 
entails  the  use  of  a  specific  gravity  bottle.  This  is  a 
wide-necked  bottle,  shaped  as  in  Fig.  19,  fitted  with  a 
perforated  stopper  s,  and  having  a  capacity 
of  50  c.c.  or  25  c.c.  The  bottle  is  carefully 


cleaned  and  filled  with  freshly  boiled  distilled  J  r 
water,  or  other  liquid  if  water  is  unsuitable  r~  \ 
for  the  determination.  The  stopper  is  then 
inserted,  taking  care  that  no  strain  is  pro- 
duced in  the  glass  and  that  no  air  bubbles 
remain.  The  bottle  is  then  dried  and  placed 
in  the  balance  case,  and  after  standing 
there  for  half  an  hour  it  is  weighed.  A 
known  weight  of  the  substance  whose 
density  is  to  be  determined  is  now  placed  in  the  bottle. 
The  stopper  is  again  inserted  and  the  bottle  re-weighed. 
When  adding  the  solid,  great  care  must  be  taken  to 
remove  all  air  bubbles  which  may  be  adhering  to  it. 
This  is  best  carried  out  by  placing  the  bottle  in  boiling 
water  as  long  as  bubbles  are  given  off,  then  it  is  removed, 
cooled,  and  completely  filled  with  the  liquid.  The  stopper 
is  inserted  as  before,  and  the  bottle  allowed  to  stand  for 
about  an  hour  in  the  balance  case,  and  re- weighed. 

If  W  is  the  weight  of  the  solid,  W'  the  weight  of  the 
bottle  filled  with  water,  and  W"  the  weight  of  the  bottle 
containing  water  and  solid,  then 

w 

the  relative  density  =  w  +  w/  __  ^ . 

For  most  purposes  this  expression  gives  a  result 
accurate  enough  for  the  required  object,  but  for  more 
exact  work  the  value  must  be  reduced  to  water  at  4° 
and  vacuum  standard. 

If  N  is  the  density  of  water  at  the  temperature  of 
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the  experiment  t°,  and  0'0012  the  mean  density  of  air, 
then  the  corrected  expression  is 


Density  = 

Should  the  substance  to  be  measured  react  with,  or  be 
soluble  in  water,  then  a  liquid  of  known  density  which 
is  without  action  on  the  solid  must  be  chosen,  e.g.  benzene, 
alcohol,  or  aniline. 

The  formula  for  calculating  the  density  then  becomes 


where  W  is  the  weight  of  the  substance,  W'  the  weight  of 
the  bottle  and  liquid,  W"  the  weight  of  the  bottle,  liquid 
and  solid,  and  d  the  density  of  the  liquid. 

(iii)  Method  of  Floating  Substances.  Neither  of  the 
above-mentioned  methods  entirely  removes  the  possi- 
bility of  error  arising  from  contained  air  and  mother 
liquor,  and  since  these  impurities  can  only  make  a 
solid  specifically  lighter,  the  following  method  almost 
entirely  eliminates  errors  of  this  nature. 

A  wide-necked  tap  funnel  is  cleaned,  dried  and  about 
half  filled  with  a  dense  liquid  which  has  no  action  on 
the  substance  to  be  determined,  and  in  which  the  sub- 
stance will  float.  Then  a  number  of  carefully  chosen 
crystals  or  pieces  of  the  substance'  are  added  to  it;  they 
will  all  float  on  the  surface.  A  second  liquid  of  density 
less  than  that  of  the  solid,  and  which  mixes  with  the 
first  liquid,  is  slowly  added  and  well  shaken,  so  that 
a  homogeneous  liquid  is  obtained.  After  one  or  two 
additions,  several  of  the  crystals  will  slowly  sink,  i.e. 
their  density  is  slightly  greater  than  the  density  of 
the  liquid  mixture.  The  heavier  liquid  is  then  added 
drop  by  drop,  until  the  densest  and,  consequently,  the 
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purest  crystals  just  remain  suspended  in  the  liquid, 
i.e.  they  have  the  same  density  as  the  liquid.  When 
this  is  the  case  the  liquid  is  run  off  and  its  density  is 
determined.  For  method  see  next  section  of  this  chapter. 
The  following  liquids  are  suitable  for  this  method  of 
determination : 


Liquid. 

Density. 

Methylene  Iodide,     - 

3-324 

Bromoform, 

2'90 

Methylene  Bromide,  - 

2-499 

Ethylene  Dibromide, 

2-18 

Ethyl  Iodide,    - 

1-93 

Alcohol,    - 

0-806 

Benzene,  - 

0-899 

Ether, 

0-736 

EXPERIMENTS 

(i)  Determine  the  Density  of  Calcspar.  Choose  several 
crystals  of  calcspar  of  such  a  size  that  they  will  easily 
slip  into  a  burette.  Examine  them  with  a  lens,  and 
discard  those  which  contain  bubbles  of  occluded  gas. 
Weigh  the  crystals  chosen,  to  the  nearest  milligram,  and 
slip  them  into  a  burette  half  full  of  water,  the  height 
of  which  has  been  previously  read.  Measure  the  new 
height,  and  from  the  volume  of  the  crystals  thus  deter- 
mined, calculate  the  density. 

(ii)  Determine  the  Density  of  Ferric  Oxide.  Weigh  a 
small  specific  gravity  bottle  full  of  distilled  water.  Then 
pour  out  half  the  contents  and  add  an  accurately  weighed 
quantity  (about  5  grams)  of  ferric  oxide.  Place  the 
bottle  and  contents  in  a  bath  of  boiling  water  until  all 
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adhering  air  bubbles  have  been  expelled,  cool,  and  com- 
pletely fill  the  bottle  with  distilled  water.  Place  in  the 
balance  case,  and  after  it  has  stood  for  an  hour,  re-weigh. 
From  the  weighings  calculate  the  density  of  ferric  oxide 
(1)  without  corrections,  (2)  with  corrections. 

(iii)  Determine  the  density  of  Crystallised  Copper  Sul- 
phate. Examine  a  number  of  crystals  of  copper  sulphate, 
and  pick  out  about  a  dozen  which  appear  to  be  quite 
homogeneous.  Place  them  in  a  dry  separating  funnel 
of  about  200  c.c.  capacity,  and  pour  on  to  them  about 
30  c.c.  of  bromoform.  Then  carefully  add  absolute 
alcohol  in  small  quantities,  shaking  or  stirring  after 
each  addition,  until  one  or  more  of  the  crystals  sink. 
Now  add  bromoform,  with  continued  stirring  or  shaking, 
until  the  densest  crystal  just  floats  in  the  liquid.  The 
liquid  and  crystals  now  have  the  same  density.  The 
liquid  must  now  be  run  off,  and  its  density  determined 
at  the  same  temperature  as  that  at  which  the  experiment 
has  been  carried  out.  The  density  of  the  liquid  gives 
the  density  of  the  crystals. 

2.  Density  of  Liquids 

For  approximate  purposes  the  density  of  liquids  is 
obtained  by  means  of  hydrometers,  which  are  graduated 
on  the  stem  to  give  direct  density  readings.  Such 
methods  are  far  too  inexact  for  physico-chemical 
purposes. 

The  density  of  a  liquid  is  most  easily  and  accurately 
obtained  by  means  of  a  specific  gravity  bottle  or  a 
pyknometer.  The  Perkin  form  of  the  pyknometer  is 
perhaps  the  easiest  to  manipulate ;  this  consists  of  a 
glass  bulb  A  (Fig.  20)  fitted  with  two  tubes  a  and  6  of 
medium- walled  capillary  tube  of  about  1*5  mm.  bore, 
the  one  a  being  drawn  out  to  a  point  and  the  other 
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slightly  constricted  at  d;  above  d  a  small  bulb  e  is 
blown.  A  ring  is  etched  round  the  tube  at  d  to  fix  the 
capacity.  There  is,  then,  between  the  point  of  the  pipette 
and  the  constriction  at  d,  a  definite  volume,  which  may 
be  determined.  The  ends  of  a  and  6  are  provided  with 
two  small  glass  caps  /,  which  should  always  be  put  on 


Fio.  20. 

when  the  pipette  is  being  weighed  or  is  standing  in  the 
balance  case.  The  pyknometer  is  cleaned  by  washing 
with  a  bichromate  and  sulphuric  acid  mixture,  and  then 
distilled  water.  To  dry  it,  alcohol  is  drawn  through, 
and  finally  re-distilled  ether.  The  last  traces  of  ether 
are  removed  by  blowing  air  through  it  from  a  bellows. 
Pyknometers  should  never  be  heated  to  dry  them,  for 
this  occasions  slight  volume  changes  which  do  not  at 
once  disappear  when  the  vessel  is  cooled. 

To   make   a   determination,  the   pyknometer  is   first 
weighed  empty ;  this  is  best  accomplished  by  hanging  it 
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to  the  balance  beam  by  a  loop  of  platinum  wire.  It  is 
then  filled  with  freshly -boiled  distilled  water  by  dipping 
the  point  under  the  water  and  sucking  gently  at  a  piece 
of  rubber  tubing  attached  to  the  other  end.  When  filled, 
it  is  allowed  to  stand  in  a  thermostat  for  about  twenty 
minutes,  so  that  the  temperature  of  the  water  may  be 
known. 

When  placed  in  the  thermostat,  the  pyknometer  should 
be  slightly  tilted,  so  that  the  water  flows  away  from  the 
point  into  the  bulb  e.  When  it  has  taken  on  the  tem- 
perature of  the  bath,  the  water  must  be  adjusted  so  that 
it  exactly  fills  the  pyknometer  between  the  point  and 
the  mark  d.  This  is  done  by  bringing  the  pyknometer 
to  the  level  position  again,  when  the  water  will  flow 
back  to  the  point,  and  the  excess  may  be  removed  by 
holding  a  piece  of  filter  paper  to  the  point  until  sufficient 
has  been  withdrawn.  Should  too  much  be  withdrawn, 
it  may  be  replaced  by  bringing  a  drop  of  water  on  a 
glass  rod  into  contact  with  the  point,  and  again  tilting 
the  pyknometer ;  the  drop  will  then  be  drawn  in  by 
capillary  attraction.  When  the  quantity  of  water  is 
exactly  adjusted,  the  pyknometer  is  tilted  so  that  the 
water  leaves  the  point  and  enters  the  bulb ;  this  prevents 
loss  of  liquid  during  drying.  The  vessel  is  then  carefully 
dried,  the  caps  are  placed  on  a  and  b,  and  it  is  put  in  the 
balance  case.  Since  the  pyknometer  will  not  stand  by 
itself,  it  is  usual  to  stand  it  in  a  narrow  beaker.  After 
half  an  hour  has  elapsed  it  is  weighed.  Several  deter- 
minations of  the  weight  of  water  contained  in  the 
pyknometer  should  be  made,  and  the  mean  weight  used 
in  subsequent  calculations.  The  water  is  now  removed, 
and  the  pyknometer  dried,  and  filled  with  the  liquid 
whose  density  is  to  be  determined,  and  the  process 
repeated. 
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If  W  be  the  weight  of  water  and  W'  the  weight  of  the 
second  liquid  held  by  the  pyknometer,  then  the  relative 
density  of  the  liquid  compared  with  water  is  given  by 

»     w/ 
*=W' 

or,  compared  with  water  at  4°, 


where  dt  is  the  density  of  water  at  t°.     For  absolute 
determinations  this  must  be  reduced  to  vacuum  standard. 

W 


A  table  of  the  density  of  water  at  various  tempera- 
tures will  be  found  in  the  Appendix  (Table  II.). 

Determination  of  Density  at  the  Boiling  Point.  The 
determination  of  the  densities  of  liquids  can  be  carried 
out  at  all  temperatures  below  the  boiling  point,  by  the 
method  described  above,  but  the  method  requires  slight 
modification  if  the  density  is  to  be  determined  at  the 
boiling  point. 

The  method  is  due  to  Ramsay  and  Lothar  Meyer. 
The  pyknometer  consists  of  a  thin-walled  glass  bulb  A 
(Fig.  21)  of  about  2'5  c.c.  capacity,  which  is  fitted  with  a 
single  capillary  tube  B,  bent  as  in  the  diagram.  The 
pyknometer  is  filled  with  liquid  in  the  following  way  : 
a  stout-  walled  tube  C  (Fig.  21),  fitted  with  a  side  tube 
D  and  a  rubber  stopper  E,  is  half  filled  with  liquid,  and 
the  pyknometer,  supported  by  a  wire  F,  is  placed  so  that 
it  just  dips  below  the  surface.  The  tube  D  is  then 
attached  to  a  water  pump  and  partially  exhausted.  On 
allowing  air  to  re-enter  the  apparatus,  by  opening  the 
tap  G,  some  of  the  liquid  runs  into  the  pyknometer. 
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The  process  is  repeated  several  times  until  the  bulb  is 
almost  full.  This  method  of  filling  is  adopted  in  clean- 
ing the  pipette,  and  in  the  determination  of  its  volume. 


B 


PIG.  21. 

Having  almost  filled  the  pyknometer  with  the  liquid 
whose  density  is  to  be  determined,  it  is  suspended  by  a 
platinum  wire  in  a  wide-necked  bulb  A  (Fig.  22),  so  that 
it  is  just  above  the  liquid  in  the  bulb.  The  bulb  contains 
the  same  liquid  as  the  pyknometer.  The  tube  is  fitted 
with  a  side  tube  B,  to  which  a  condenser  C  is  attached. 
A  thermometer  t,  supported  by  a  rubber  stopper,  is 
placed  with  its  bulb  on  a  level  with  the  pyknometer 
bulb.  The  liquid  in  the  bulb  is  then  raised  to  the  boiling 
point  and  kept  there  until  the  pyknometer  and  its  con- 
tents have  attained  the  temperature  of  the  boiling  liquid. 
The  heating  causes  the  liquid  in  the  pyknometer  to 
expand  and  gradually  fill  the  whole  vessel,  the  excess 
being  expelled  from  the  tip.  When  the  pyknometer  has 
acquired  the  temperature  of  the  bath,  i.e.  when  no  more 
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liquid   is   expelled  from  the  tip,  it  is  withdrawn   and 

cooled   quickly,  so   that  the  liquid   in  the  capillary  is 

withdrawn    into    the    bulb,    leaving 

behind     any    drop    which     may    be 

hanging     on     to     the     point.       The 

pyknometer    is    placed    in   a   beaker 

and  allowed  to  stand  in  the  balance 

case  for  half  an  hour,  after  which  it 

is  weighed. 

Since  the  volume  of  the  pykno- 
meter changes  with  temperature,  we 
require  to  know  the  coefficient  of 
cubical  expansion  of  glass,  before  the 
density  can  be  calculated  from  the 
measurements.  To  determine  this, 
the  weight  of  the  pyknometer  filled 
with  air,  and  with  water  at  two  FIG.  22. 

different  temperatures  is  required. 

If  wl  and  wz  represent  the  weights  of  water  contained 
by  the  pyknometer  at  <1°  and  t2°,  dl  and  dz  the  density 
of  water  at  the  two  temperatures  respectively,  and  vl 
and  V2  the  corresponding  volumes,  then 


The  difference  in  the  volume  of  the  pipette  at  the  two 
temperatures  is  given  by 


where  a  is  the  coefficient  of  cubical  expansion  of  glass. 

Since  V9  —  v,  =  -^  — A 

d2     d^ 


we  have  3a  = 

^  -"-  tj 

If  T  represents  the  boiling  point  of  the  liquid  whose 
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density   is   being  determined,  then  the   volume  of  the 
pyknometer  at  the  boiling  point  is 


W-, 


Hence  dr  =  —  can  be  determined  where  dr  and  WT 

represent  the  density  and  weight  of  the  liquid  at  the 
boiling  point.  From  c?T,  the  molecular  and  specific 
volumes  of  the  liquid  can  be  readily  calculated. 

Specific  Volume     =  -y-, 


Molecular  Volume  = 


-,-, 
d 


where  M  represents  the  molecular  weight. 

The  determination  of  the  density 
of  a  liquid  at  the  boiling  point  is 
more  easily  carried  out,  if  a  pykno- 
meter devised  by  Crompton  is  used 
instead  of  the  Ramsay  form.  This 
instrument  consists  of  a  bulb  A 
(Fig.  23),  of  about  5  c.c.  capacity, 
fitted  with  two  side  tubes  a  and  b. 
The  one  a  is  drawn  out  to  a  small 
hook-like  point,  and  the  other  b, 
somewhat  longer  than  the  side  tubes 
of  ordinary  pyknometers,  is  con- 
stricted near  the  bulb  and  bent  at 
the  top,  as  indicated  in  the  diagram. 
A  mark  c  is  etched  round  the  glass 
at  the  constriction.  It  will  be  at 
once  obvious  that  this  pyknometer 
is  much  more  easily  cleaned,  emptied 
the  Ramsay  form.  The  volume 


FIG.  23. 


and    filled,    than 
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of  the  pykno meter  is  determined  in  exactly  the 
same  way  as  already  described.  To  determine  the 
density  of  a  liquid  at  the  boiling  point,  the  pyknometer 
is  filled  with  the  cold  liquid  by  immersing  it  in  the 
liquid  until  the  point  is  covered,  and  then  filling  by 
gently  drawing  at  b.  Then  it  is  immersed  in  the  boiling 
substance,  and  kept  there  until  the  temperature  is  con- 
stant. When  this  is  the  case  the  liquid  is  drawn  into 
the  pyknometer,  so  that  it  stands  slightly  above  the 
mark  c.  A  piece  of  rubber  tubing  closed  at  one  end  by 
a  short  glass  rod  is  then  slipped  on  to  the  tube  b.  The 
liquid  may  now  be  brought  exactly  to  the  mark  d,  either 
by  pushing  the  rod  further  into  the  tubing,  if  the  pipette 
is  too  full,  or  drawing  it  out  a  little,  if  the  pipette  is  not 
full  enough.  The  vessel  is  then  withdrawn  from  the 
bath,  cooled,  dried  and  weighed.  The  method  of  calcu- 
lation is  exactly  the  same  as  that  previously  described. 
It  is  obvious  that  such  a  pyknometer  may  be  used 
advantageously  for  determinations  at  all  temperatures. 

Determination  of  the  Density  of  Liquids  of  high  Freezing 
Point.  A  method  for  determining  the  density  of  liquids 
which  solidify  between  atmospheric  temperature  and 
150°,  has  been  devised  by  Crompton.  It  involves  the 
use  of  a  pyknometer  shaped  somewhat  like  a  pipette 
(Fig.  24).  The  bulb  A  is  drawn  out  at  its  lower  end 
to  a  short  capillary  point,  the  upper  tube  b  is  a 
capillary,  and  has  a  mark  d  etched  on  it.  The  volume 
of  the  pipette  is  determined  by  the  ordinary  method  of 
weighing  it  empty  and  full  of  water  at  a  known 
temperature. 

To  determine  the  density  of  a  liquid  of  high  freezing 

point,  a  quantity  of  the  solid  substance  is  placed  in  a 

tube    B   (Fig.  24),  which  is   surrounded   by  a   slightly 

larger  tube  C.     This  serves  as  an  air  jacket  to  the  inner 

s.c.  E 
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tube.  These  tubes  are  then  placed  in  a  bath  at  a  tem- 
perature higher  than  the  melting  point  of  the  solid 
substance.  When  the  solid  has 
«  melted,  a  small  stirrer  s,  of 
platinum  wire,  and  a  thermo- 
b  meter  t  are  inserted  into  the 
molten  substance.  The  pykno- 
d  meter  is  then  placed  in  the 
tube  B,  and  when  its  temperature 
has  become  that  of  the  surround- 
/  \  ing  bath,  the  liquid  is  drawn 
into  it  until  the  mark  d  is 
reached.  A  piece  of  rubber  tube, 
closed  at  one  end  by  a  glass  rod, 
is  then  slipped  over  the  end  of 
b,  and  the  bath  and  contents 
kept  at  constant  temperature  for 
10  minutes;  the  liquid  in  the 
pyknometer  is  then  brought 
exactly  to  the  mark  by  means  of  the  rod  in  the 
rubber  tubing.  Then  the  pipette  is  withdrawn  from 
the  bath,  and  the  liquid  at  once  solidifies.  The 
tube  is  cleaned  and  weighed,  and  the  density  cal- 
culated. An  alternative  method  of  using  this  pipette 
consists  in  having  two  marks  on  the  stem,  a  and 
d,  one  at  either  end  of  the  capillary.  The  volume  of 
the  pyknometer  is  known  when  filled  to  either  mark: 
this  is  ascertained  in  the  usual  way,  by  filling  with  water 
to  one  mark  and  weighing,  and  then  filling  to  the  other 
mark  and  re-weighing.  In  this  way  the  capillary  is 
calibrated,  and  the  volume  at  any  point  in  it  can  be 
obtained  by  calculation.  In  filling  with  the  liquid  whose 
density  is  to  be  determined,  the  level  may  therefore  be 
brought  to  any  point  between  a  and  d,  and  no  exact 
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adjustment,   which   is   often   a   matter   of    considerable 
difficulty,  is  necessary. 

EXPERIMENTS 

(i)  Determine  the  value  of  Df  for  Absolute  Alcohol. 
Carefully  clean  and  dry  a  pyknometer.  Weigh  it 
empty,  filled  with  water  at  25°,  and  with  alcohol  at  the 
same  temperature.  From  the  weights  obtained  calcu- 
late Df,  using  the  density  of  water  at  25°  given  in 
Table  II.  Appendix,  and  the  formula 

D25_W,  /0-0012(W;-W) 

4~w   ^  A       ~^H~ 
where  Wz  is  the  weight  of  the  alcohol,  W  the  weight  of 
water,  and  c£25  the  density  of  water  at  25°. 

(ii)  Determine  the  Molecular  Volume  of  Benzene  at  its 
Boiling  Point.  Take  a  small  pyknometer  of  the  shape 
and  size  recommended  in  the  general  description.  Clean, 
dry  and  weigh  it.  Then  fill  it  with  water  at  ordinary  tem- 
perature, which  must  be  noted,  and  weigh  again.  Then 
hang  it  in  a  steam  bath  until  it  has  acquired  the  tempera- 
ture of  the  steam;  cool,  dry  and  re-weigh.  The  barometric 
height  must  now  be  read,  and  the  boiling  point  of  the 
water  obtained  from  Table  III.  Appendix.  Empty  the 
pyknometer  and  dry  it,  then  fill  it  with  benzene  and 
heat  to  the  boiling  point ;  cool  and  weigh  again.  From 
the  data  thus  obtained,  calculate  the  molecular  volume 
by  the  method  described  above. 

Having  determined  the  molecular  volume  for  benzene, 
repeat  the  process,  using  chlorbenzene,  brombenzene, 
iodobenzene,  nitrobenzene  and  aniline,  and  in  this  way 
obtain  the  effect  which  is  produced  on  the  molecular 
volume  when  hydrogen  is  substituted  by  the  various 
groups. 

It  is  unnecessary  to  weigh  the  pyknometer  filled  with 
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water  in  any  but  the  first  determination :  the  values 
found  from  this  serve  in  every  other  case. 

These  experiments  may  be  carried  out  with  either  the 
Ramsay  or  the  Crompton  pyknometer,  the  latter  is,  how- 
ever, much  easier  to  manipulate. 

(iii)  Determine  the  Density  of  Azobenzene  at  70°. 
Place  about  25  grams  of  re-crystallised  azobenzene  in  a 
test  tube,  and  melt  it  in  a  bath  of  water  (see  Fig.  24). 
Then  fill  a  Crompton  pipette,  whose  volume  you  have 
previously  determined.  When  the  temperature  is  defi- 
nite, and  the  pyknometer  exactly  filled,  withdraw  the 
pipette,  cool,  clean  and  weigh  it. 

3.  Density  of  Gases 

The  density  of  a  gas  is  determined  by  directly  weighing 
the  gas  in  a  strong  glass  bulb  of  about 
200  c.c.  capacity  (Fig.  25).  The  bulb  is 
attached  to  a  stout-walled  capillary 
tube  which  is  provided  with  a  well- 
fitting  tap.  This  must  be  carefully 
greased  before  use.  The  volume  of 

o 

the  bulb  must  be  determined  first  of 
all:  this  is  done  by  weighing  it  filled 
with  air  and  then  with  water  at  a 
known  temperature.  To  fill  such  a 
globe  with  water,  it  must  be  exhausted, 
and  the  tap  opened  when  the  tube  is 
dipping  under  water  which  has  been 
previously  boiled.  It  is  then  placed 
in  a  thermostat  until  it  has  taken  on 
the  temperature  of  the  bath.  Then 
it  is  dried  and  weighed  to  the  nearest 

centigram.      The   volume   can    now    be    calculated    as 

described  in  Chapter  II. 
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Errors  due  to  buoyancy  of  the  air  may  be  eliminated 
by  counterpoising  the  globe  by  one  of  equal  volume. 

The  globe  is  then  emptied  and  washed  out  successively 
with  alcohol  and  ether,  and  finally  exhausted  to  remove 
the  last  traces  of  ether.  It  is  then  filled  with  the  gas 
whose  density  is  to  be  determined,  the  temperature  and 
barometric  pressure  are  noted,  and  the  bulb  weighed. 
For  the  method  of  filling  a  bulb  with  a  gas  see 
Chapter  IV. 

If  W  be  the  weight  of  the  exhausted  globe,  W'  the 
weight  of  the  globe  filled  with  gas,  and  V0  the  corrected 
volume,  then  the  absolute  density,  or  the  weight  of 
1  c  c.,  is  given  by 

y^-w 

—        \~/        * 

The  volume  V0  is  obtained  from  the  experimentally 
determined  volume  by  the  expression 

V . 273 . P 


where  P  and  t  are  the  pressure  and  temperature  under 
which  the  bulb  was  filled. 

Since  the  gram  molecular  weight  of  a  gas  at  0°  and 
760  mm.  occupies  22400  c.c.,  it  follows  that  the  molecular 
weight  of  a  gas  can  be  obtained  directly  from  the  value 

of^  M  =  22400d 

One  generally  determines  the  density  of  a  gas  by  com- 
parison with  air,  and  when  this  is  done,  it  is  unnecessary 
to  determine  the  volume  of  the  globe. 

If  W  is  the  weight  of  the  vacuous  globe,  W'  that  of 
the  globe  filled  with  air,  and  W"  filled  with  the  gas  in 
question,  then 

,_  Wt.  of  the  gas_W"-W 
Wt.  of  air      ~W^W' 
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if  air  be  taken  as  the  unit.     If  hydrogen  be  taken  as  the 
unit,  the  expression  then  becomes 

w^-w 
-'*' 


where  dl  is  the  density  of  air  at  normal  temperature  and 
pressure. 

EXPERIMENT 

Determine  the  Density  of  Carbon  dioxide  at  Ordinary 
Temperature.  Determine  the  weight  of  a  vacuous  globe, 
then  fill  it  with  dry  air,  noting  the  temperature  and 
pressure  under  which  it  is  filled.  Weigh  it  full  of  air, 
and  then  fill  it  with  dry  carbon  dioxide  and  again  weigh. 
The  density  of  carbon  dioxide  at  the  given  temperature 
is  obtained  by  the  expression 

,  _  Weight  of  Carbon  dioxide      , 

Weight  of  air  1J 

where  d±  is  the  density  of  air  under  the  conditions  of  the 
experiment. 

If  the  density  of  air  at  0°  and  7GO  mm.  be  taken  as 
unity,  then 

-       P         273 


Since  all  gases  are  similarly  affected  by  temperature 
and  pressure,  the  expression 

,     Weight  of  Carbon  dioxide 

Weight  of  air 

gives  the  density  of  carbon  dioxide  at  0°  and  760  mm.,  so 
that,  assuming  air  has  a  density  of  14*4  when  compared 
with  H  =  1,  the  molecular  weight  of  carbon  dioxide  will 
be  obtained  from  the  expression 

M=dx  14-4x2, 
since  the  molecular  weight  is  twice  the  density. 
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4.  Determination  of  Vapour  Density 

Many  substances,  both  solid  and  liquid,  vaporise  easily. 
It  is  customary,  in  settling  questions  of  molecular  weight, 
to  determine  the  density  of  their  vapours  at  temperatures 
above  the  boiling  point.  The  density  determinations 
described  here  are  not,  and  do  not  need  to  be,  exact,  for 
the  sole  point  of  the  determination  is  to  arrive  at  the 
molecular  weight,  and  an  error  of  five  per  cent,  in  the 
density  will  not  influence  the  decision  with  regard  to 
molecular  weight.  In  some  cases,  however,  abnormal 
vapour  densities  are  obtained,  which  are  either  larger  or 
smaller  than  is  required  to  be  in  accord  with  other  known 
facts.  These  abnormalities  are  explained,  in  the  case  of 
vapour  densities  which  are  too  small,  by  the  assumption 
that  the  molecule  has  split  up  into  smaller  molecules, 
i.e.  it  has  dissociated.  In  the  other  case,  where  the 
vapour  density  is  too  large,  it  is  assumed  that  two  or 
more  molecules  have  combined  together,  i.e.  an  associ- 
ation has  taken  place.  There  are  several  methods  for 
the  determination  of  vapour  density  for  the  purpose  of 
settling  the  molecular  weight,  the  most  important  of 
which,  in  the  order  of  their  accuracy,  are :  (i)  Dumas' 
Method,  (ii)  Hofmann's  Method,  (iii)  Victor  Meyer's 
Method. 

(i)  Dumas'  Method  consists  in  weighing  a  known,  or 
easily  determined  volume  of  a  vapour.  The  experiment  is 
carried  oat  in  a  glass  bulb  A  (Fig.  26)  of  from  30-250  c.c. 
capacity,  fitted  with  a  tube  B  which  is  drawn  out  to  a 
fine  point. 

The  globe  is  weighed,  and  then  2-3  grams  of  the 
substance  whose  vapour  density  is  to  be  determined  are 
introduced.  This  is  done  by  warming  the  globe  and 
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A 


B 


\ 


then  dipping  the  capillary  end  into  the  liquid  or  molten 
solid.  As  the  bulb  cools,  some  of  the  substance  will  be 
drawn  in.  The  globe  is  then  placed  in  a 
bath  so  that  only  about  2-3  cm.  of  the  side 
tube  project,  and  it  is  heated  to  a  temperature 
about  20°-30°  above  the  boiling  point  of  the 
substance  it  contains.  The  heating  is  con- 
tinued until  no  more  vapour  is  expelled  from 
the  point,  and  then  the  temperature  of  the 
bath  and  the  atmospheric  pressure  are  taken, 
and  the  end  of  the  tube  is  carefully  sealed 
with  a  blowpipe. 

The  bulb  is  removed  from  the  bath,  cooled, 
cleaned,  dried  and  weighed.  The  end  is  then 
broken  off  under  boiled  water,  and  the  bulb 
filled  with  water  and  again  weighed,  care 
being  taken  to  collect  any  splinters  of  glass 
which  may  be  broken  off,  and  to  weigh  them 
along  with  the  bulb  full  of  water.  A  bubble 
of  air  is  often  left  when  water  is  let  into  the 
bulb,  this  is  due  to  air  which  has  not  been  expelled  by 
the  vapour  and  must  be  allowed  for. 

If  w  is  the  weight  of  the  bulb  filled  with  air  at  the 
temperature  t  and  pressure  p,  w'  the  weight  of  the  bulb 
filled  with  the  substance,  t'  the  temperature  and  pf  the 
pressure  under  which  it  was  sealed,  and  w"  the  weight  of 
the  bulb  filled  with  water,  then 

w"  —  w 

gives  the  weight  of  water  required  to  fill  the  bulb.  If 
the  density  of  water  at  the  temperature  at  which  it  was 
weighed  is  given  by  d,  then 


FIG.  "26. 


where  V  is  the  volume  of  the  flask. 
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The  weight  of  the  vapour  W  is  now  given  by  the 
expression 


The  weight  of  an  equal  volume  of  air  W'  at  t'  and  p'  is 
given  by 


W 

The  vapour  density  =  — 

when  O001293  represents  the  weight  of  1  c.c.  of  air  at  0° 
and  7  GO  mm. 

In  determining  the  vapour  density  of  substances  which 
have  a  low  vapour  pressure  at  ordinary  temperatures, 
and,  in  general,  any  liquid  boiling  above  100°,  Crompton 
has  shown  that  it  is  quite  unnecessary,  in  molecular 
weight  determinations,  to  seal  the  bulb.  His  method 
of  procedure  is  exactly  the  same  as  that  described  above 
up  to  the  point  where  the  bulb  is  sealed.  In  this  method, 
when  the  substance  is  all  vaporised  and  no  more  vapour 
is  emitted  from  the  tube,  the  bulb  is  withdrawn  from 
the  bath  and  quickly  cooled  and  then  weighed.  The 
volume  of  the  apparatus  is  obtained  either  by  filling  it 
with  water  and  weighing,  or  by  using  a  thin  walled  vessel 
immersing  it  in  water  and  measuring  the  increase 
in  the  apparent  volume  of  the  water.  The  calculation  of 
the  vapour  density  by  this  method  is  also  much  simpler. 

If  w  is  the  weight  of  the  bulb  filled  with  air,  and  wf 
filled  with  air  and  the  small  amount  of  the  substance 
whose  vapour  originally  filled  the  bulb,  then  w'  —  w 
gives  the  weight  of  the  substance,  and  no  correction  is 
necessary  for  buoyancy  of  the  air. 
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If  V  is  the  volume  of  the  bulb,  then 


gives  the  weight  of  the  same  volume  of  air  under  the 
experimental  temperature  and  pressure  t  and  P.  The 
density  then 

w'  —  w 


where  W  is  the  weight  of  the  air  under  the  experimental 
conditions. 

EXPERIMENTS 

(i)  Determine  the  Vapour  Density  and  Molecular 
Weight  of  Acetone.  Proceed  exactly  as  described  above. 
Introduce  about  2-3  c.c.  of  re-distilled  acetone  into  the 
bulb  and  heat  in  a  boiling  water  bath.  Test  for  the 
emergence  of  vapour  at  the  point  by  holding  a  cold 
metal  surface  close  to  the  point  ;  if  vapour  is  being 
expelled  it  will  condense  on  the  metal  and  can  be  seen. 
Calculate  the  density  to  the  standard  H  =  l,  air  being 
taken  as  14'4. 

(ii)  Determine  the  Vapour  Density  of  Brombenzene. 
In  this  experiment  use  an  oil  bath  at  about  180°.  When 
the  vapour  is  no  longer  driven  from  the  tube,  remove 
the  bulb  and  cool  as  quickly  as  possible.  Clean  the  bulb 
by  rubbing  it  with  a  duster  moistened  with  chloroform, 
then  dry  it  and  weigh.  Calculate  the  result  by  the 
second  method  given  above. 

(ii)  Hofmann's  Method  determines  the  volume  of  a 
given  weight  of  vapour.  The  determination  is  carried 
out  in  a  fairly  stout-  walled  tube  A  (Fig.  27)  about  100- 
120  cm.  long  and  2  cm.  diameter.  The  tube  is  graduated 
in  millimetres,  and  the  relative  volume  of  the  millimetre 
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divisions  is  also  known.  The  tube  is  filled  with  dry 
mercury  and  stood  in  a  mercury  trough  B;  it  is  sur- 
rounded by  a  glass  jacket  C 
which  is  fitted  with  two  side 
tubes  D  and  E.  The  substance, 
whose  vapour  density  is  to  be 
determined,  is  contained  in  a 
small  stoppered  tube  F;  this  is 
carefully  weighed  and  placed 
into  the  bottom  of  the  tube  A, 
when  it  quickly  rises  to  the  top 
of  the  mercury.  The  vapour  of 
a  liquid  boiling  a  few  degrees 
above  the  boiling  point  of  the 
substance  in  the  tube  is  admitted 
by  the  side  tube  D,  the  con- 
densed vapour  running  out  at  E. 
This  heats  up  the  tube  and 
vaporises  the  substance  in  F,  and 
the  mercury  is  depressed.  When 
the  vapour  of  the  heating  liquid 
is  no  longer  condensed,  i.e.  after  about  twenty  minutes, 
the  volume  of  the  vapour  in  the  tube  A  is  noted,  and  the 
height  of  the  column  of  mercury  hi  is  measured. 

If  W  is  the  weight  of  the  substance,  V  the  volume, 
t  the  temperature  of  the  heating  jacket,  i.e.  the  boiling 
point  of  the  liquid  used,  P  the  barometric  pressure,  h  the 
height  of  the  mercury  column,  and  m  the  vapour  pressure 
of  mercury  at  the  temperature  of  the  experiment  (see 
Table  IV.  Appendix),  then  the  weight  of  a  volume  V 
of  air  at  0°  and  760  mm.  is  given  by 


FIG.  27. 
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w 

Hence  Density  =  — -, . 

For  ordinary  molecular  weight  determinations,  this 
expression  gives  a  value  which  is  quite  accurate  enough, 
but  for  more  accurate  determinations,  the  expansion  of 
the  glass,  etc.,  must  be  taken  into  account. 

The  Hofmaim  method,  owing  to  the  increasing  vapour 
tension  of  mercury,  ought  not  to  be  employed  for 
substances  boiling  above  250°. 

EXPERIMENT 

Determine  the  Vapour  Density  and  Molecular  Weight 
of  Ethyl  Acetate.  Weigh  out  about  01  gram  of  ethyl 
acetate  in  a  small  stoppered  tube,  insert  it  in  a  Hofmann 
tube  as  described  above.  Use  steam  as  the  heating  sub- 
stance. From  the  results  of  the  experiment  calculate  the 
vapour  density  and  molecular  weight.  The  results  of 
this  experiment  should  not  differ  more  than  +  2  per  cent, 
from  the  correct  value. 

(iii)  Victor  Meyer's  Method  determines  the  volume  of 
air  displaced  by  a  given  weight  of  a  substance  in  the  state 
of  vapour,  and,  since  the  volume  of  air  displaced  would 
occupy  the  same  volume  as  the  vapour  of  the  substance 
if  it  were  raised  to  the  same  temperature,  Victor  Meyer's 
method  gives,  indirectly,  the  volume  occupied  by  the 
vapour. 

The  determination  is  usually  carried  out  in  a  vessel 
consisting  of  a  bulb  A  (Fig.  28)  of  about  150  c.c.  capacity, 
connected  to  a  long  tube  B  of  about  7  mm.  diameter. 
This  tube  is  widened  out  at  the  top,  and  has  a  side  tube 
C  attached  to  it,  and  is  closed  by  a  rubber  stopper  S. 
The  bulb  is  placed  in  a  glass  or  metal  jacket  D,  which 
contains  about  50  c.c.  of  a  liquid  that  can  be  used  to 
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give  a  temperature  about  30°  higher  than  the  boiling 
point   of   the   substance   under  investigation.     A  small 


Fio.  28. 

plug  of  asbestos  is  placed  at  the  bottom  of  A,  to  save  it 
from  fracture  when  the  substance  is  dropped  in.  The 
side  tube  C  dips  under  water  contained  in  a  glass  dish 
E,  and  the  expelled  air  is  received  in  a  graduated  eudio- 
meter tube  F. 

To  carry  out  a  determination,  the  liquid  in  D  is  raised 
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to  the  boiling  point  and  kept  there  throughout  the 
experiment.  When  the  temperature  of  the  apparatus  is 
constant,  i.e.  when  no  more  bubbles  of  air  are  driven  out 
of  the  tube  C,  the  stopper  S  is  removed  and  the  substance 
is  dropped  in.  The  stopper  is  quickly  replaced,  and  the 
first  two  bubbles  of  air  evolved  from  C  allowed  to  escape. 
The  graduated  tube  F  is  then  quickly  placed  over  the 
end  of  the  delivery  tube,  and  the  air,  expelled  by  the 
vapour  of  the  substance,  collected.  The  substance,  if  a 
liquid,  is  weighed  and  introduced  in  a  tiny  stoppered 
bottle,  or  in  a  bulb  whose  sealed  end  is  broken  off  just 
before  the  addition.  If  the  substance  is  a  solid  it  is 
added  as  a  small  compressed  tablet. 

The  tube  containing  the  expelled  air  is  then  removed 
from  the  trough  and  immersed  in  a  tall  cylinder  of 
water.  After  about  half  an  hour,  when  the  temperature 
of  the  air  in  the  tube  has  become  the  same  as  that  of 
the  surrounding  water,  the  volume  is  measured.  This  is 
best  done  by  raising  the  tube  until  the  level  of  the  water 
inside  and  outside  are  the  same,  and  then  reading  off  the 
volume.  Whilst  the  reading  is  being  taken,  the  tube 
must  not  be  held  by  the  fingers,  otherwise  the  air  will  be 
somewhat  heated  and  an  incorrect  volume  obtained. 
The  transference  of  the  graduated  tube  from  the  trough 
to  the  cylinder  is  best  effected  by  placing  a  small  porce- 
lain crucible  full  of  water  under  the  tube,  and  then 
lifting  tube  and  crucible  together.  The  crucible  is  then 
sunk  under  the  water  of  the  cylinder,  with  the  tube  still 
held  in  it,  until  the  bottom  of  the  tube  is  under  the  level 
of  the  water  in  the  cylinder,  and  then  the  crucible  is 
allowed  to  fall  to  the  bottom. 

There  are  many  devices  which  render  it  unnecessary 
to  remove  the  stopper  when  the  substance  is  introduced ; 
one  of  these  is  illustrated  in  N  (Fig.  28).  N  is  the  neck 
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of  the  ordinary  apparatus,  fitted  with  a  small  side  tube  x, 
this  is  closed  by  a  rubber  stopper  through  which  a  glass 
rod,  flattened  at  one  end,  is  introduced.  The  substance 
rests  on  this  flattened  rod  until  the  temperature  is  con- 
stant, and  then  it  is  allowed  to  fall  into  the  apparatus  by 
twisting  the  rod  through  an  angle  of  90°. 

An  exceedingly  convenient  form  of  the  Victor  Meyer 
apparatus  is  that  depicted  in  Fig  29.     It  consists,  as 


/    \ 


FIG.  29. 

will  be  seen,  of  three  parts,  which  are  carefully  ground 
into  one  another.  The  top  part  C  also  obviates  the 
necessity  of  a  stopper,  and  when  in  position  a,  holds  the 
substance  until  the  temperature  is  constant,  and  when 
twisted  into  position  b,  drops  it  into  the  bulb.  This  form 
of  apparatus  is  very  easily  cleaned  and  dried,  and,  as 
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the  parts  can  be  made  to  standard  size,  the  breaking  of 
one  piece  does  not  mean  a  new  apparatus,  as  is  generally 
the  case  with  the  other  form. 

If  V  is  the  volume  of  air  measured  at  a  temperature  t 
and  barometric  pressure  P,  and  m  the  tension  of  aqueous 
vapour  at  t°  (see  Table  V.  Appendix),  then 

w 

The  vapour  density  = 


V(P-m)  X  273  x  0-001293' 

All  the  vapour  density  determinations  described  in 
this  section  give  the  value  for  (air  — 1)  as  standard,  and 
must  be  multiplied  by  14'33  to  bring  them  to  the 
hydrogen  standard,  when  molecular  weights  are  to  be 
calculated  from  them. 

EXPERIMENTS 

(i)  Determine  the  Vapour  Density  and  Molecular 
Weight  of  Methyl  Iodide.  Weigh  out  about  0'3  gram 
of  methyl  iodide;  use  boiling  water  as  the  heating 
liquid,  and  employ  the  Victor  Meyer  method  for  the 
determination.  Calculate  the  results  as  indicated  above. 

(ii)  Determine  the  Vapour  Density  of  Acetic  Acid 
at  temperatures  about  135°  and  250°.  Use  the  Victor 
Meyer  method,  and  weigh  put  about  0*1  gram  for  each 
experiment.  For  the  lower  temperature  use  a  solution 
of  120  grams  of  anhydrous  calcium  chloride  in  100  of 
water  at  its  boiling  point  as  the  heating  liquid,  (in  this 
case  the  bulb  must  be  entirely  immersed  in  the  heating 
liquid,)  and  for  the  higher  temperature  use  boiling 
quinoline. 
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Calculate  the  vapour  density  and  molecular  weight 
in  each  case.  If  M  represents  the  molecular  weight 
at  the  lower  temperature,  M'  at  the  higher  tempera- 
ture, and  in  the  molecular  weight  corresponding  to  the 
formula  C2H4O2,  then  the  association  factor  k  may  be 
calculated  by  the  expressions 

M      ,  ,     M'      7, 

—  =  k,   and    —  =  k. 

in  in 

(iii)  Determine  the  Degree  of  Dissociation  of  Chloral 
Hydrate.  Weigh  out  about  0'2  gram  of  chloral  hydrate 
in  a  small  stoppered  tube ;  determine  the  vapour  density 
at  about  108°,  using  a  solution  of  40  anhydrous  calcium 
chloride  in  100  of  water  at  its  boiling  point  as  the 
heating  liquid.  Repeat  the  experiment  at  184°,  using 
aniline  as  the  heating  liquid. 

If  D  be  the  observed  density,  and  d  the  density 
corresponding  to  the  formula  CC13 .  CH(OH)2,  a  the 
degree  of  dissociation,  and  n  the  number  of  molecules 
into  which  one  molecule  dissociates,  then  1  molecule 
becomes  1  —  a+na.  That  is,  the  ratio  of  the  number 
of  molecules  present  to  the  number  which  would  have 
been  present  if  no  dissociation  had  taken  place  is 


This  ratio  is  equal  to  that  between  the  observed  and 
calculated  densities. 

1  D  d-D 

=  -r  or   a  =  - — 


(iv)  Determine  the  Degree  of  Dissociation  of  Ammo- 
nium Chloride  at  350°.  For  this  experiment  the 
apparatus  should  be  made  of  Jena  glass  or  quartz. 
Weigh  out  about  O'l  gram  of  ammonium  chloride 
and  compress  it  into  a  tablet.  The  heating  may 

S.C.  F 
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be  effected  by  a  bath  o£  molten  tin,  with  careful 
regulation  of  temperature.  The  electrical  method  of 
heating  can  also  be  employed  in  this  case.  For 
this,  the  bulb  of  the  apparatus  is  covered  with  a 
thin  piece  of  asbestos  paper,  around  which  a  long  length 
of  thin  platinum  wire  is  wound.  The  ends  of  the  wire 
are  connected  through  a  fairly  large  adjustable  resistance 
with  the  electric  main.  The  bulb  is  then  placed  in  a 
metal  box  and  packed  round  with  asbestos.  By  varying 
the  resistance,  the  temperature  can  be  brought  to  about 
350°.  The  experiment  is  then  carried  out  in  the  usual 
manner.  Calculate  the  degree  of  dissociation  from  your 
results. 


CHAPTER  VI 
ATOMICITY 

KNOWLEDGE  of  the  density  of  a  gaseous  element  is  not 
sufficient  to  fix  its  atomic  weight.  Before  this  value 
can  be  known,  it  is  necessary  to  determine  its  atomicity, 
i.e.  the  number  of  atoms  contained  in  a  molecule. 
Generally,  the  atomicity  is  arrived  at  by  a  consideration 
of  the  volume  relationships  with  which  the  given  gaseous 
element  enters  into  combination  with  other  elements,  or 
in  those  cases  where  both  atomic  weight  and  molecular 
weight  are  known,  by  simply  dividing  the  former  by 
the  latter.  The  term  "  atomicity  "  must  not  be  confused 
with  "valency,"  as  it  is  so  often  done  in  text-books. 
Occasionally  it  happens  that  neither  of  these  methods  is 
available,  e.g.  in  the  case  of  argon  and  its  congeners, 
and  in  such  cases,  information  must  be  sought  from  the 
physical  properties,  notably  the  ratio  of  the  specific  heats. 
The  specific  heat  of  a  gas  may  be  measured  either  at 
Constant  Volume  Cv  or  at  Constant  Pressure  Cp.  If  a 
gas  be  heated,  and  its  volume  kept  constant,  the  heat 
added  is  used  entirely  in  increasing  its  kinetic  energy 
and  in  doing  intramolecular  work.  On  the  other  hand, 
if  a  gas  be  heated  and  its  volume  allowed  to  change  so 
that  the  pressure  remains  constant,  the  added  heat  is 
used  in  increasing  the  kinetic  energy,  in  performing 
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intramolecular  work,  and  in  doing  external  work  in  the 
process  of  increasing  the  volume  of  the  gas. 

The  molecular  heat  of  a  gas  at  constant  volume  is  the 
quantity  of  heat  required  to  raise  the  temperature  of 
the  molecular  weight,  in  grams,  through  one  degree, 
the  volume  being  kept  constant.  If  in  heating  a 
molecular  quantity  of  a  gas  through  one  degree  at 
constant  volume,  it  is  assumed  that  all  the  heat  goes  to 
raise  the  temperature  of  the  gas,  i.e.  to  increase  its  kinetic 
energy,  the  molecular  heat  will  be  equal  to  3  calories. 

The  molecular  heat  of  a  gas  at  constant  pressure  is 
the  quantity  of  heat  required  to  raise  the  temperature 
of  the  molecular  weight  through  one  degree,  the  volume 
being  allowed  to  increase  and  the  pressure  being  kept 
constant.  If  in  this  case  it  be  again  assumed  that  no 
intramolecular  work  is  done,  the  molecular  heat  at 
constant  pressure  will  be  equal  to  5  calories,  of  which 
3  calories  are  used  in  increasing  the  kinetic  energy  of 
the  gas,  and  2  calories  are  used  in  doing  external  work. 

The  above  assumption  is  only  true  for  mon  atomic 
gases,  for  here,  since  there  is  only  one  atom  in  the 
molecule,  no  intramolecular  work  is  possible.  Hence 
for  monatomic  gases,  the  ratio  of  the  specific  heats  is 
given  by  the  expression 

&wi. 

C.     3 

If  the  gas  is  polyatomic,  and  x  represents  the  heat 
used  up  in  doing  intramolecular  work,  the  ratio  of  the 
specific  heats  is  given  by  the  expression 


The  value  of  x  depends  on  the  number  of  atoms  in  the 
molecule,  and  generally  increases  with  the  number  of 
atoms. 
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Hence  it  follows  that  the  larger  the  number  of 
atoms  in  the  molecule,  the  smaller  will  be  the  ratio 
of  the  specific  heats.  For  diatomatic  gases  the  value 

is  about  1*40. 

f\ 

From  a  chemical  point  of  view  the  ratio  — -  is  ex- 

^v 

tremely  important,  and  as  the  separate  determination 
of  the  two  factors  of  the  ratio  is  a  tedious  and  difficult 
operation,  it  is  better  for  the  present  purpose  to  determine 
the  ratio  directly. 

There  are  two  methods  for  determining  the  ratio  of 
the  specific  heats,  due  to  Clement  and  Desormes,  and 
Kundt  respectively. 

(i)  Clement  and  Desormes'  Method.  The  apparatus 
necessary  for  the  determination  by  this  method  consists 
of  a  large  flask  A  (Fig.  oO),  fitted  with  a  wide  neck  B, 


FIG.  30. 


which  is  closed  by  a  stopcock  D.     This  has  an  aperture 
which  is  nearly  as  wide  as  the  neck  of  the  flask.     Two 
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side  tubes  are  fitted  on  to  the  neck  of  the  flask,  the  one 
C,  bent  in  the  form  shown  in  the  diagram  constituting  a 
manometer,  and  the  other  F  having  a  stopcock  E. 

To  determine  the  ratio  of  the  specific  heats,  the  flask 
is  filled  with  the  gas  at  a  pressure  slightly  above  atmo- 
spheric. The  pressure  is  noted  by  means  of  the  mano- 
meter, and  the  large  stopcock  opened  to  the  air  for  a 
moment,  so  that  the  pressure  of  the  gas  may  sink  adia- 
batically  to  that  of  the  air.  The  tap  is  then  closed,  and 
the  flask  allowed  to  stand  for  a  few  minutes  until  its 
contents,  which  have  been  cooled  by  the  adiabatic 
expansion,  have  been  raised  to  the  atmospheric  tem- 
perature again.  The  pressure  is  then  noted. 

If  B  is  the  barometric  pressure  in  mm.  of  water,  h  the 
difference  of  level  of  the  liquid  in  the  manometer  in 
millimetres  before  opening  the  tap,  and  h'  after  opening 
the  tap,  and  g  the  density  of  the  manometer  liquid  ;  then 

CP 


Since  the  pressures  (B  +  %),  B,  and  (B  +  h'g)  are  not 
very  different,  the  above  expression  may  be  changed,  as 
a  first  approximation,  to 


y-g 

(ii)  Kundt's  Method.     If  the  velocity  of  sound  in  two 

different  gases  be  compared  under  the  same  conditions  of 

/-\ 
temperature  and  pressure,  and  the  value  of  —  for  one  of 

Cv 

them  is  known,  then  the  value  of  the  ratio  for  the  other 
gas  can  be  calculated. 

If  Vx  be  the  velocity  of  sound  in  a  gas  A,  and  V2  that 
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in  a  gas  B,  then  if  d±  and  d2  be  their  respective  densities, 
and  p  the  pressure  under  which  the  velocities  were 
determined,  it  follows  that  : 


where  y1  and  y2  respectively  represent  the  ratio  of  the 
specific  heats. 

Dividing  these  two  expressions,  the  following  relation- 
ship is  obtained  : 

di   f 

or      -- 


To  determine  the  ratio  of  the  specific  heats  by  this 
method,  a  wide  glass  tube  about  1J  metres  long  is 
employed  (Fig.  31).  This  is  fitted  with  two  side  tubes 


FIG.  31. 


A  and  B.  Into  one  end  of  the  tube  a  glass  rod  CD  is 
placed,  which  is  clamped  at  its  middle  point  by  a  tightly 
fitting  cork  E.  The  other  end  of  the  tube  is  closed  by  a 
tightly  fitting  plunger  F.  A  quantity  of  a  light  powder, 
lycopodium  or  precipitated  silica,  is  placed  on  the  bottom 
of  the  tube,  and  made  to  lie  evenly  along  the  tube  by 
tapping  the  sides.  The  gas  to  be  measured  is  introduced 
by  the  side  tube  A,  and  the  air  expelled  by  B.  When 
the  tube  is  full,  the  tubes  A  and  B  are  closed  by  rubber 
caps,  and  a  damp  cloth  is  then  drawn  along  the  rod  CD, 
so  that  it  vibrates  longitudinally  and  emits  a  note.  The 
vibrations  are  communicated  to  the  gas  in  the  tube,  and 
cause  the  powder  to  arrange  itself  into  a  series  of  small 
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heaps,  representing  the  nodes  of  the  vibration.  Should  the 
nodes  not  be  well  defined,  the  plunger  F  is  moved  back- 
wards or  forwards  until  they  are.  The  distance  between 
two  heaps  is  then  measured.  If  ^  be  the  distance 
between  two  nodes,  i.e.  two  heaps,  then  2^  is  the  wave 
length  of  the  note  emitted  by  the  rod,  and  Vl  =  21-^n  gives 
the  velocity  of  sound,  where  n  is  the  vibration  number 
of  the  note. 

A  second  gas  is  then  introduced,  one  whose  ratio  is 
known,  and  the  value  12  obtained  for  the  distance  between 
the  nodes.  Then  V2  =  2lzn. 

Hence  it  follows  that  the  velocities  are  in  the  same 
ratio  as  the  distances  between  the  nodes. 

Yl  =  k 

V2      k' 

So  that  the  expression  above  now  becomes 

d,  l\ 

71=72-7-^ 
a2  62 

and  if  air  is  the  second  gas,  as  is  usually  the  case, 
Vl  =  1-405      .. 


EXPERIMENTS 

(i)  Determine  the  Ratio  of  the  Specific  Heats,  and  the 
Atomicity  of  Oxygen.  Use  the  Clement  and  Desormes' 
method  for  this  experiment.  Place  a-bromnaphthalene 
in  the  manometer  tube;  this  has  a  density  T481  at  25°. 
Now  open  the  stopcock  D,  and  lead  in  dry  oxygen  by  plac- 
ing the  delivery  tube  well  into  the  flask.  When  all  the  air 
has  been  expelled,  and  the  flask  is  full  of  oxygen,  withdraw 
the  delivery  tube  and  close  D.  Then  attach  the  oxygen 
supply  to  the  side  tube  F,  open  the  stopcock  E  and  allow 
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more  oxygen  to  enter,  until  the  levels  of  the  manometer 
liquid  are  about  12  cm.  apart.  Close  E  and  allow  the 
flask  to  stand  for  15  minutes  in  some  place  free  from 
draughts,  and  of  fairly  constant  temperature.  Read  off 
the  difference  in  height  of  the  two  sides  of  the  mano- 
meter liquid,  and  open  the  tap  D  for  about  two  seconds ; 
the  liquid  will  then  be  at  the  same  height  in  both  arms 
of  the  manometer.  Allow  the  flask  and  contents  to 
warm  up  to  the  atmospheric  temperature,  (this  takes 
about  ten  minutes,)  and  then  read  the  levels  of  the  liquid 
in  the  manometer  again.  From  the  pressures  obtained, 
calculate  the  ratio  of  the  specific  heats,  and  deduce  the 
atomicity  of  oxygen. 

(ii)  Determine  the  Ratio  of  the  Specific  Heats  of  Carbon 
Dioxide.  Fit  up  the  Kundt  apparatus,  and  determine 
the  wave  length  of  the  note  emitted  in  air,  by  the  method 
described  above.  Then  fill  the  tube  with  carbon  dioxide, 
and  again  determine  the  value.  From  the  wave  lengths 
obtained,  and  the  densities  of  air  and  carbon  dioxide  at 

the  temperature  and  pressure  of  the  experiment,  calcu- 

f\ 
late  the  value  —  for  carbon  dioxide,  being  given  that  the 

value  for  air  is  T405. 


CHAPTER 

DETERMINATION  OF  MOLECULAR  WEIGHTS   IN 
SOLUTION 

VAN'T  HOFF  has  shown  that  a  substance  in  dilute 
solution  is  in  a  similar  condition  to  that  of  a  gas,  and 
that  it  obeys  laws  similar  to  those  applying  to  gases.  It 
has  already  been  shown  (Chapter  IV.)  that  a  knowledge 
of  the  weight,  volume,  temperature  and  pressure  of  a  gas 
enables  one  to  calculate  its  molecular  weight.  In  the 

o 

same  way,  substituting  for  pressure  the  osmotic  pres- 
sure, it  is  possible,  using  the  same  four  quantities,  to 
calculate  the  molecular  weight  of  a  dissolved  substance. 

The  gram  molecular  weight  of  a  gas  is  that  weight  of 
a  gas  measured  at  0°  and  760  mm.  pressure,  which  has  a 
volume  of  22'40  litres.  In  the  same  way  the  gram  mole- 
cular weight  of  a  dissolved  substance  is  that  weight 
which,  when  dissolved  in  22'40  litres  of  solution  at  0°, 
has  an  osmotic  pressure  of  760  mm. 

This  fact  being  allowed,  it  follows  that  the  direct 
measurement  of  the  osmotic  pressure  of  a  solution  of 
known  concentration  may  be  used  to  determine  the 
molecular  weight  of  the  dissolved  substance.  When  a 
substance  is  dissolved  in  a  solvent,  the  vapour  pressure 
of  the  solvent  is  decreased,  the  boiling  point  is  raised, 
and  the  freezing  point  is  lowered.  These  three  changes 
have  been  shown  by  van't  Hoff  to  be  closely  connected 
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with  the  osmotic  pressure,  and  are  made  use  of  to  deter- 
mine the  molecular  weight  of  substances  in  solution. 
These  determinations  may  be  regarded  as  indirect 
measurements  of  the  osmotic  pressure,  from  which  the 
molecular  weight  is  subsequently  calculated.  Although 
it  is  not  usual  to  determine  molecular  weight  by  direct 
measurement  of  the  osmotic  pressure  and  vapour  tension, 
yet  in  view  of  the  simplifications  which  have  been 
introduced  into  the  methods  of  effecting  these  determi- 
nations, they  will  be  considered  here  along  with  the 
more  usual  methods,  of  raising  of  the  boiling  point,  and 
lowering  of  the  freezing  point.  They  are  considered 
more  on  account  of  their  instructive  nature  than  on 
account  of  the  accuracy  of  the  results,  although  these, 
with  due  care,  are  quite  equal  to  those  obtained  by  the 
other  methods. 


1.  Determination  of  Osmotic  Pressure 

When  a  solvent  and  a  solution  of  a  substance  in  that 
solvent  are  separated  by  a  semipermeable  membrane,  i.e. 
a  medium  through  which  the  molecules  of  the  solvent 
can  pass,  but  not  those  of  the  dissolved  substance,  the 
solvent  will  pass  through  the  medium  into  the  solution, 
tending  to  make  the  concentration  of  the  dissolved  sub- 
stance the  same  on  both  sides  of  the  membrane.  Should 
the  solution  be  enclosed  in  a  vessel  of  constant  volume, 
the  pressure  inside  the  vessel  must,  of  necessity,  increase 
as  the  solvent  enters  it.  After  the  solvent  has  passed  in 
for  some  time,  a  condition  of  equilibrium  is  set  up,  at 
which  the  amount  of  solvent  passing  through  the  mem- 
brane is  the  same  in  both  directions.  This  point  is 
reached  when  the  pressure  inside  the  vessel  is  the  same 
as  the  osmotic  pressure.  If,  then,  the  pressure  in  the 
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vessel  at  the  equilibrium  point  can  be  determined,  the 
osmotic  pressure  will  be  known. 

There  are  three  main  difficulties  which  stand  in  the 
way  of  the  general  adoption  of  the  measurement  of 
osmotic  pressure  for  obtaining  molecular  weights : 
1.  the  position  of  equilibrium  is  readied  only  very 
slowly ;  2.  the  pressures  generated  are  very  great,  and, 
in  the  case  of  even  moderately  concentrated  solutions, 
often  burst  the  membrane;  3.  perfectly  semipermeable 
membranes  have  never  been  obtained ;  the  membranes 
generally  in  use  always  allow  some  of  the  dissolved 
substance  to  pass  through.  For  the  present  purpose, 
however,  using  dilute  solutions,  no  great  pressure  will  be 
generated,  and  consequently  there  will  be  no  great 
danger  of  bursting  the  membrane,  and  the  error  due  to 
the  imperfections  of  the  semipermeable  medium  can  be 
neglected. 

Preparation  of  a  Membrane.  Copper  ferrocyanide  is 
one  of  the  best  semipermeable  membranes  for  aqueous 
solutions;  this  is  best  prepared  by  depositing  it  in  the 
pores  of  an  unglazed  earthenware  vessel.  Such  a  vessel 
as  is  used  in  Daniell  cells  serves  excellently.  The  pot  is 
first  of  all  soaked  in  water  in  a  vacuum,  to  remove  all 
the  air  from  the  pores,  and  then,  whilst  still  wet,  it  is 
filled  to  within  2  cm.  of  the  top  with  a  1  per  cent, 
solution  of  copper  sulphate,  and  placed  in  a  beaker 
containing  a  solution  of  potassium  ferrocyanide  of 
similar  strength.  The  liquid  outside  the  pot  must  be 
at  the  same  height  as  that  inside.  The  two  liquids 
diffuse  into  the  walls  of  the  pot,  and  meet  midway 
between  the  two  surfaces,  with  the  formation  of  cupric 
ferrocyanide.  The  solutions  should  be  left  in  contact 
for  about  six  hours ;  the  pot  is  then  washed  out  with 
water  to  remove  all  salts,  both  from  the  inside  and 
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the  outside.  The  top  of  the  cell,  which  has  not  been  in 
the  solutions,  is  then  dipped  into  a  dish  of  molten 
paraffin  wax,  and  when  this  has  set,  the  cell  is  ready 
for  use. 

Membranes  of  greater  durability  may  be  made  by  a 
method  due  to  Morse  and  Horn  (Am.  Chem.  Journ. 
1901,  80).  The  porous  pot  is  filled  with  a  5  per  cent. 
solution  of  potassium  sulphate,  and  placed  in  a  beaker 
containing  the  same  solution,  and  an  electric  current, 
driven  by  about  100  volts,  is  passed  through  from  the 
beaker  to  the  porous  pot  by  means  of  platinum  electrodes. 
A  strong  endosmosis  takes  place  in  the  direction  of  the 
current,  so  that  the  solution  passes  from  the  beaker  into 
the  cell  and  sweeps  with  it  all  air  contained  in  the  walls. 
The  excess  liquid  in  the  cell  must  be  constantly  removed 
by  means  of  a  pipette.  The  current  is  allowed  to  pass 
until  about  300  c.c.  of  solution  have  passed  through  the 
walls.  The  pot  is  then  thoroughly  soaked  in  distilled 
water,  repeatedly  changed,  until  the  water  which  has 
been  used  for  washing,  gives  no  precipitate  with  barium 
chloride.  The  pot  is  then  filled  with  a  tenth  normal 
solution  of  potassium  ferrocyanide,  and  placed  in  a 
beaker  containing  a  tenth  normal  solution  of  copper 
sulphate.  The  porous  pot  is  surrounded  with  a  wide 
strip  of  copper  foil  which  reaches  from  the  top  to  the 
bottom  of  the  cell  and  serves  as  the  positive  electrode. 
The  negative  electrode  is  a  platinum  wire  which  is  placed 
inside  the  porous  pot  and  reaches  to  the  bottom.  A 
current  driven  by  about  100  volts  is  then  passed,  and  the 
Fe(CN)Ic  ions,  travelling  toward  the  anode,  will  meet  the 
Cu"  ions,  travelling  toward  the  cathode,  in  the  middle  of 
the  walls  of  the  porous  pot,  and  a  precipitate  of  cupric 
ferrocyanide  will  be  formed  there.  After  a  few  minutes 
the  resistance  of  the  cell  to  the  passage  of  the  current 
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rises  enormously,  and  this  serves  as  a  test  for  an  unbroken 
membrane.  If  the  membrane  is  intact,  no  copper  will 
reach  the  inside  of  the  porous  pot,  and  no  ferrocyanide 
the  outside.  By  using  membranes  made  in  this  way, 
Berkeley  and  Hartley  have  measured  osmotic  pressures 
amounting  to  several  tons  to  the  square  inch.  Having 
deposited  the  membrane,  wash 
the  pot  carefully  inside  and  out, 
and  wax  the  top  as  described 
before. 

Method  of  Measurement.  The 
porous  pot  containing  the  mem- 
brane should  be  washed  out  with 
the  solution  to  be  measured,  and 
then  almost  filled  with  the  same 
solution.  A  well  fitting  stopper 
S  (Fig.  32)  carrying  a  manometer 
tube  A  of  about  5  mm.  bore,  is 
tightly  pressed  in,  so  that  no  air 
bubbles  remain  in  the  pot,  and 
the  liquid  reaches  not  further 
than  the  point  C  in  the  tube. 
The  stopper  and  joint  are  then 
dried  and  coated  with  paraffin 
wax.  Mercury  is  then  run  into 
the  manometer  tube  so  that  it 
closes  off  and  defines  the  volume 
of  the  solution.  This  must  be 
kept  constant  throughout  the 
experiment.  The  porous  pot  is  then  placed  in  a  beaker  B, 
in  a  thermostat,  and  when  the  porous  pot  and  its  contents 
have  assumed  the  temperature  of  the  bath,  a  mark  is 
made  to  indicate  the  position  of  the  solution  in  the  tube  A. 
The  level  of  the  mercury  is  then  made  the  same  in  both 
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sides  of  the  gauge,  and  distilled  water  is  poured  into  the 
beaker  so  that  it  entirely  covers  the  porous  pot.  The 
volume  of  the  liquid  will  tend  to  increase,  due  to  osmosis, 
and  must  be  kept  back  by  the  addition  of  mercury  to  the 
open  limb  of  the  manometer.  When  the  position  of 
equilibrium  has  been  set  up,  which  may  require  several 
days,  the  pressure  is  read  off,  and  represents  the  osmotic 
pressure  of  the  solution.  If  p  be  the  osmotic  pressure, 
t  the  temperature  of  the  experiment,  and  w  the  weight 
of  substance  dissolved  in  v  c.c.  of  the  solution,  then,  since 
the  volume  of  the  solution  represents  the  volume  occupied 
by  the  dissolved  molecules,  it  can  be  treated  exactly  as 
though  it  is  the  volume  of  a  gas.  Hence 

273       ^p_ 
°~     "  273  +  *"  7GO* 

The  corrected  volume  V0  contains  w  grams  of  the  dis- 
solved substance.      Hence, 

22'40  litres  will  contain 


and  this  number  is  the  molecular  weight  of  the  dissolved 

O 

substance. 

In  the  case  of  solutions  of  electrolytes,  the  osmotic 
pressures  are  larger,  and  the  calculated  molecular  weights 
smaller  than  those  demanded  by  the  simplest  possible 
chemical  formulae.  These  discrepancies  are  due  to  the 
electrolytic  dissociation  of  the  dissolved  substances.  If 
P  be  the  osmotic  pressure  obtained  experimentally,  and 
P!  that  calculated  on  the  assumption  that  the  dissolved 
substance  has  the  simplest  possible  formula,  and  if 
i  represent  the  degree  of  dissociation  of  the  dissolved 
substance,  and  n  the  number  of  ions  into  which  one 
molecule  dissociates,  then  1  :  l-\-i(n  —  1)  represents  the 
ratio  of  the  number  of  molecules  which  would  have  been 
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present  had  no  dissociation  occurred,  to  the  number  which 
are  actually  present.  This  ratio  is  the  same  as  the 
corresponding  osmotic  pressures,  i.e. 

1  P.  P-PT 

. • i  /-VV«         f)     1 

I  +  in-l      P  PW-!" 


EXPERIMENTS 

(i)  Determine  the  Osmotic  Pressure  of  Cane  Sugar, 
and  calculate  its  Molecular  Weight.  Make  up  a  litre 
of  cane  sugar  solution  containing  about  2  grams, 
weighed  to  the  nearest  milligram.  Prepare  a  porous 
pot  of  about  6  cm.  diameter  and  20  cm.  height 
by  one  of  the  methods  described  above.  Rinse  the 
pot  out  two  or  three  times  with  the  sugar  solution. 
Then  fill  it,  and  put  the  apparatus  together  as 
described  above,  and  place  it  in  a  beaker  in  a  thermo- 
stat. This  experiment  will  take  several  days  to  complete, 
so  it  is  wise  to  use  a  large  vessel  of  water  at  the  labor- 
atory temperature  as  thermostat;  this  allows  of  the 
experiment  being  left  to  stand  in  some  out-of-the-way 
corner,  without  inconvenience.  When  the  temperature 
has  become  constant,  fill  the  beaker  with  distilled  water, 
and  adjust  the  mercury  in  the  manometer.  Then  add 
mercury,  from  time  to  time,  to  the  open  end  of  the 
manometer  until  the  pressure  remains  constant.  Make 
the  necessary  observations  of  pressure  and  temperature, 
and  calculate  the  molecular  weight  by  the  formula  given 
above. 

(ii)  Determine  the  Osmotic  Pressure  and  Deyree  of 
Dissociation  of  Potassium  Chloride.  Use  a  solution  of 
potassium  chloride  containing  about  1  gram  per  litre,  for 
this  experiment, 
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2.  Determination  of  Vapour  Tension 

When  a  substance  is  dissolved  in  a  solvent,  the  vapour 
pressure  of  the  solution  is  lowered  by  an  amount  which 
depends  on  the  relative  quantities  of  the  solvent  and  the 
dissolved  substance.  Equimolecular  quantities  of  all 
substances,  dissolved  in  the  same  volume  of  a  given 
solvent,  lower  the  vapour  pressure  by  the  same  amount. 
The  relative  lowering  of  the  vapour  pressure  is  equal 
to  the  ratio  of  the  number  of  dissolved  molecules  and 
the  total  number  of  molecules  in  the  solution. 

Thus,  if  p'  be  the  vapour  pressure  of  the  solvent  at 
a  given  temperature,  and  p  that  of  the  solution  at  the 
same  temperature,  and  if  g  be  the  weight  of  the  substance 
dissolved  in  G  grams  of  the  solvent,  m  the  molecular 
weight  of  the  dissolved  substance,  and  M  that  of  the 

solvent,  then  since  —   and  —  represent  the  number  of 
m  M      r 

molecules  of  the  dissolved  substance  and  solvent  respec- 
tively, 

M. 
p  —p_     m 


Should  all  the  factors  in  the  above  expression  except 
m  be  either  known  or  easily  determinable,  it  is  obvious 
that  molecular  weights  of  substances  in  solution  may  be 
obtained  by  its  means. 

The  direct  determination  of  the  change  in  vapour 
pressure  could  be  effected  by  passing  a  small  quantity 
of  the  solvent  up  a  barometer  tube,  and  noting  the 
depression  of  the  mercury,  and  then  repeating  the  experi- 
ment with  the  solution.  This  method,  however,  is 
seldom  employed,  for  the  following  reasons  :  1.  the 
s.c.  G 
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amount  of  lowering  of  the  vapour  pressure  is  very  small, 
and  consequently  the  results  will  be  correspondingly 
inexact;  2.  traces  of  volatile  impurity  make  great 
differences  in  the  results. 

A  method  by  which  the  vapour  tension  may  be 
indirectly  measured  was  suggested  by  Ostwald,  and 
improved  by  Will  and  Bredig.  If  air  is  bubbled  through 
a  liquid,  it  takes  up  a  quantity  of  the  vapour  of  that 
liquid  which  is  proportional  to  the  vapour  tension. 
Consequently,  if  equal  quantities  of  dry  air  were  bubbled 
respectively  through  the  solvent  and  the  solution,  and 
the  vapour  extracted  from  both  by  suitable  drying 
agents,  twTo  quantities  of  the  solvent  would  be  obtained 
whose  weights  would  be  in  the  same  ratio  as  the  vapour 
tensions  of  the  solvent  and  the  solution.  If,  on  the  other 
hand,  the  air  is  bubbled  first  through  the  solution  and 
then  through  the  solvent,  it  will  take  up  an  amount 
of  the  solvent  from  the  solution  proportional  to  its  vapour 
pressure,  and  from  the  pure  solvent  a  further  amount, 
proportional  to  the  difference  between  the  vapour 
tensions  of  the  solution  and  the  pure  solvent.  If,  then, 
the  vessels  containing  the  solvent  and  the  solution  are 
weighed  before  and  after  the  current  of  air  has  been 
passed  through  them,  the  differences  in  the  weights  will 
give  the  ratio  of  the  vapour  tensions.  If  p  be  the  vapour 
tension  of  the  solution  and  p  that  of  the  solvent,  then, 

The  loss  of  weight  of  the  solution  _     p 
The  loss  of  weight  of  the  solvent     pf  —  p' 

It  has  already  been  shown  that 
p^p_ 
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Loss  of  weight  of  the  solvent      m 
Hence,         ^—    —r.  -  ~-r  —  p-rr  --  r~T-  —  =~Z' 
Loss  or  weight  01  the  solution      G 

M 

a         Loss  of  weight  of  the  solution 

and         m  =  -  .  M  .  y-—    —  =  —   •   u  ,    c  +u  --  i  ---  r* 
G          Loss  or  weight  01  the  solvent 

EXPERIMENT 

Determine  the  Molecular  Weight  of  Cane  Sugar. 
The  apparatus  required  for  this  experiment  consists 
chiefly  of  six  sets  of  Liebig's  potash  bulbs.  Three  of 
these  contain  the  solution,  and  the  other  three  the  pure 
solvent.  Fill  three  of  the  bulbs  with  a  solution  of  cane 
sugar,  whose  concentration  is  accurately  known,  and 
which  contains  about  17  grams  per  litre  ;  the  other  three 
bulbs  must  be  filled  with  distilled  water.  After  weigh- 
ing, connect  them  together  as  illustrated  in  Fig.  33,  using 
thick-walled  rubber  tubing,  which  must  be  wired  on. 
The  air  may  be  supplied  from  a  gas-holder,  or  it  may 
be  drawn  through  the  apparatus  by  means  of  a  water 
pump  ;  it  must,  however,  be  thoroughly  dried  by  calcium 
chloride  and  sulphuric  acid  before  it  enters  the  bulbs. 
Since  the  vapour  tension  changes  with  temperature,  the 
bulbs  must  be  placed  in  a  thermostat,  and  the  air  raised 
to  the  same  temperature  by  circulating  it  through  a 
long  coil  of  lead  tubing  immersed  in  the  same  thermostat. 
Whichever  way  the  air  is  passed  through,  it  must  always 
enter  the  solution  before  it  enters  the  pure  solvent  ;  it 
must  be  bubbled  through  at  the  rate  of  2-3  bubbles 
per  second,  and  continued  for  about  90  minutes.  It  is 
advisable,  in  this  experiment,  to  attach  two  weighed 
calcium  chloride  tubes  to  the  end  of  the  row  of  bulbs, 
and  thus  absorb  all  the  moisture  from  the  air  as  it 
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escapes.     This  will  furnish  a  control  to  the  experiment, 
k  for   the   increase  in  the  weight  of   the 

calcium  chloride  tubes  ought  obviously 
to  be  equal  to  the  total  loss  of  weight 
§  of  the  bulbs.     A  large  vessel  of  water 

which  has  been  standing  in  the  labora- 
tory for  several  hours  will  not  change 
its  temperature  appreciably  while  the 
experiment  is  being  carried  out,  and  will 
serve  admirably  as  a  thermostat  for  this 
experiment.  Use  the  formula  given 
above  in  the  calculation  of  the  results  of 
the  experiment. 

3.  Boiling  Point  Method 
It  has  already  been  noted  that  when  a 
£  substance  is  dissolved  in  a  solvent,  the 
I  vapour  tension  is  lowered.     The  boiling 
point   of    a    liquid    is   defined   as   that 
temperature  at  which  the  vapour  ten- 
sion of  the  liquid  becomes  equal  to  that 
of  the  surrounding  atmosphere,  hence  if 
the  vapour  tension  of  a  liquid  is  lowered 
by  dissolving   a   non-volatile   substance 
in  it,  it  follows  that  the  boiling  point  of 
such  a  solution  will  be  higher  than  the 
boiling  point  of  the  pure  solvent.     The 
increase   in   the   boiling    point    will   be 
proportional  to  the  vapour  tension,  and 
consequently,  also    proportional    to  the 
amount  of   substance   dissolved   in  the 
solvent.     If  w  grams  of  a  substance  of 
molecular  weight  m  dissolved  in  W  grams 
of    the  solvent  raises  the  boiling   point  t°t    then  the 
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molecular  weight  of  the  dissolved  substance   is   given 
by  the  expression 


where  K  is  a  constant,  known  as  the  molecular  raising  of 
the  boiling  point,  i.e.  it  represents  the  number  of  degrees 
by  which  the  boiling  point  of  a  given  solvent  will  be 
raised,  if  one  gram  molecular  weight  of  any  substance  is 
dissolved  in  100  grams  of  the  solvent.  The  value  of  K 
may  be  determined  experimentally,  by  measuring  the 
amount  which  the  boiling  point  of  a  given  solvent  is 
raised  by  the  solution  of  a  known  weight  of  a  substance 
of  known  molecular  weight  in  it.  Thus,  if  5  grams  of 
nitrobenzene  are  dissolved  in  25  grams  of  benzene,  and 
the  boiling  point  is  raised  4C'272,  then  the  value  of  K 
is  given  by 

K  =  T%  x  I$A  x  4-272  =  26°-7, 

where  123  is  the  known  molecular  weight  of  nitrobenzene. 
The  value  of  K  can  also  be  obtained  from  theoretical 
considerations,  from  the  latent  heat  of  vaporisation  of 
the  solvent  : 

_0'02T2 
L 

in  which  T  is  the  boiling  point  of  the  solvent  in  absolute 
measure,  and  L  is  the  latent  heat  of  vaporisation.  A  list 
of  the  more  common  solvents  is  given  below,  together  with 
the  values  of  K  and  the  latent  heat  of  vaporisation. 

The  method  and  apparatus  generally  adopted  for  the 
determination  of  the  molecular  weight  by  the  raising  of 
the  boiling  point,  is  due  to  Beckmann,  and  can  be  suitably 
described  here.  The  apparatus  consists  of  a  boiling  tube 
A  (Fig.  34)  about  15  mm.  diameter,  fitted  near  the  top 
with  a  wide  side  tube  B.  The  side  tube  is  fitted  with  a 
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cork  carrying  a  spiral  air  condenser  C,  or  a  small  water 


Solvent. 

K. 

Boiling  Point. 

Latent  Heat  of 

Vaporisation 

Water, 

5-20 

100° 

535-9 

Ether, 

21-0 

35° 

90-0 

Chloroform, 

36-6 

61°'2 

58-5 

Ethyl  Alcohol,  - 

11-5 

78°  -8 

215-0 

Acetone,     - 

17-0 

56°-3 

125-3 

Benzene,     - 

27-0 

80°'3 

92-9 

Aniline, 

32-2 

184° 

93-3 

Pyridine,    - 

29-8 

115° 

104-0 

condenser.     The  boiling  tube  fits  loosely  into  a  double- 
walled  glass  jacket  D,  which  is  also  fitted  with  a  side 

tube  and  condenser  E.  This 
jacket  contains  a  quantity 
of  the  solvent,  which  is  kept 
boiling  during  a  determina- 
tion, and  thus  surrounds  the 
boiling  tube  A  with  a  vapour 
at  about  its  own  tempera- 
ture, and  <'flfectually  prevents 
loss  of  heat  by  radiation.  A 
Beckmann  thermometer  T 
passes  through  a  cork  in  the 
top  of  A,  and  reaches  almost 
down  to  the  bottom.  The 
heating  jacket  and  boiling 
tube  rest  on  an  asbestos  box 
F,  fitted  with  two  chimneys 
G  which  serve  to  convey  the 
hot  air  from  underneath  the 
box  past  the  apparatus,  and  so 
prevent  local  superheating.  The  box  F  is  made  as 


FIG.  34. 
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indicated  in  Fig.  34,  and  consists  of  two  concentric  rings 
of  asbestos,  the  smaller  one  being  fitted  into  a  hole  in  the 
top  of  the  box,  which  is  covered  by  a  piece 
of  wire  gauze,  and  this  in  its  turn  by 
asbestos  fibre.  The  heating  of  the  apparatus 
is  effected  by  two  bunsen  burners,  which  are 
placed  at  the  corners  of  the  box  opposite  the 
chimneys. 

Before  proceeding  to  describe  the  method 
of  carrying  out  a  determination,  a  short 
description  of  the  Beckmann  thermometer  is 
necessary.  A  moment's  consideration  will 
make  it  clear  that,  if  it  is  desired  to  deter- 
mine molecular  weights  by  the  method  of 
raising  of  the  boiling  point,  to  within  1  or  2 
per  cent,  accuracy,  it  will  be  necessary  to 
measure  the  boiling  point  of  the  solution  to 
within  0°-001  or  0°'002.  Obviously  a  ther- 
mometer graduated  in  0°*001  to  read  over  any 
long  range  of  temperature  would  be  so  very 
long  as  to  be  quite  unusable.  The  Beckmann 
thermometer  overcomes  this  difficulty,  by 
having  a  bulb  in  which  the  amount  of 
mercury  may  be  varied. 

The  thermometer  is  generally  made,  gradu- 
ated over  about  six  degrees,  divided  in  tenths 
and  hundredths  of  a  degree ;  the  bulb  is  large, 
and  at  the  other  end  of  the  capillary  a  small 
reservoir  is  attached  (see  Fig.  35)  into  which 
a  portion  of  the  mercury  may  be  driven  if 
the  thermometer  is  required  for  high  tempera- 
tures, and  from  which  more  mercury  may  be 
withdrawn  if  the  thermometer  is  required  *«*•**• 
for  low  temperatures.  A  Beckmann  thermometer,  there- 
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fore,  serves  the  same  purpose  as  a  series  of  very 
accurate  thermometers  which  have  different  ranges. 
The  same  Beckmann  thermometer  cannot,  however, 
be  used  over  very  wide  ranges  of  temperature,  e.g. 
for  the  boiling  and  freezing  points  of  water,  it  is  usual 
to  have  a  series  of  them  with  ranges  of  about  60°. 
Before  using  a  Beckmann  thermometer  the  divisions  on 
its  scale  should  be  calibrated  by  comparing  them  with  a 
standard  thermometer.  This  is  best  done  by  placing  the 
two  thermometers  side  by  side  in  a  liquid  bath  and 
very  slowly  raising  the  temperature,  noting  the  readings 
of  both  at  each  division.  Having  calibrated  the  scale, 
the  thermometer  must  be  "  set "  for  the  particular  experi- 
ment for  which  it  is  to  be  used.  For  use  in  a  raising  of 

o 

the  boiling  point  determination,  the  mercury  in  the  bulb 
must  be  so  adjusted  that  the  thread  is  stationary  at 
about  the  first  degree  division,  at  the  boiling  point  of  the 
liquid  to  be  used.  This  will  allow  the  boiling  point  to 
be  raised  about  5  degrees.  The  adjustment  of  the 
mercury  in  the  bulb  is  achieved  by  placing  the  Beckmann 
thermometer,  along  with  another  thermometer,  in  a  bath 
about  6°  above  the  boiling  point  of  the  solvent  to  be 
used.  If  the  mercury  thread  at  this  temperature  just 
fills  the  whole  of  the  capillary,  without  forming  a  globule 
in  the  reservoir,  the  thermometer  is  correctly  set.  If,  on 
the  other  hand,  as  is  usually  the  case,  the  thread  either 
does  not  entirely  fill  the  capillary,  or  forms  a  globule 
at  the  end  in  the  reservoir,  mercury  must  be  added  to,  or 
removed  from,  the  bulb.  First  assume  the  capillary  is 
not  entirely  filled ;  under  these  circumstances  the  tem- 
perature of  the  bath  must  be  raised  until  the  capillary  is 
entirely  filled  and  a  small  globule  is  formed  in  the 
reservoir,  then  the  thermometer  is  quickly  reversed  and 
given  a  sharp  downward  jerk,  whereby  the  mercury  in 
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the  reservoir  is  joined  to  the  thread.  The  thermometer 
is  then  placed  in  the  bath,  without  shaking,  and  cooled 
down  to  a  temperature  about  6°  above  the  boiling  point 
of  the  solvent  to  be  used.  Then  the  thermometer  is 
removed  from  the  bath  and  again  given  a  sharp  down- 
ward jerk,  which  has  the  effect  of  breaking  off  the 
mercury  still  in  the  reservoir,  from  the  thread.  The 
thermometer  should,  then,  be  "  set,"  but  it  must  be  tested 
by  placing  it  in  a  bath  at  the  boiling  point  of  the  solvent ; 
if  the  thread  now  stands  not  higher  than  the  second 
degree  division  it  is  correctly  "  set."  Next  assume  that 
the  thermometer  bulb  originally  contains  too  much 
mercury,  in  this  case  it  is  treated  as  in  the  latter  part  of 
the  above  description. 

Should  the  thermometer  be  required  for  a  lowering 
of  the  freezing  point  determination,  it  must  be  "  set "  so 
that  the  thread  stands  within  one  degree  of  the  top  of 
the  scale,  at  the  freezing  point  of  the  solvent.  This  will 
allow  of  the  measurement  of  about  5  degrees  lowering. 
To  "  set "  the  thermometer  in  this  case,  the  procedure  is 
exactly  as  described  above ;  the  thermometer  is  placed  in 
a  bath  about  3  degrees  above  the  freezing  point  of  the 
solvent  and  treated  exactly  as  in  the  case  of  "setting" 
for  boiling  point  determinations.  Beckmann  thermo- 
meters should  not  be  used  for  twenty-four  hours  after 
they  have  been  "  set."  Having  adjusted  the  thermometer 
for  the  experiment,  the  boiling  tube,  which  has  a  stout 
platinum  wire  fused  into  the  bottom,  is  fitted  with  two 
corks,  and  weighed,  then  about  20  c.c.  of  the  solvent  are 
introduced  and  it  is  re- weighed.  The  thermometer  is  then 
inserted,  and  a  quantity  of  small  garnets,  which  have 
been  previously  washed  with  the  solvent  and  well  dried, 
are  introduced  through  the  side  tube,  and  shaken  into 
position  so  that  they  entirely  cover  the  bulb  of  the  ther- 
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mometer.  The  object  of  adding  the  garnets  is  to  ensure 
regular  ebullition.  The  tube  is  then  placed  in  the  heat- 
ing jacket,  which  contains  about  25-30  c.c.  of  the  solvent 
and  a  quantity  of  beads,  again  to  prevent  bumping.  The 
condensers  are  then  placed  in  position  and  the  heating 
commenced.  The  flames  should  be  protected  from 
draughts,  and  the  ebullition  in  the  outer  jacket  fairly 
brisk  and  regular,  so  that  the  liquid  flows  from  the 
condenser  at  the  rate  of  about  one  drop  in  tive  seconds, 
otherwise  the  thermometer  will  register  a  fluctuating 
temperature.  The  boiling  point  of  the  pure  solvent  must 
first  be  determined;  the  temperature  will  continue  to 
rise  for  a  considerable  time  after  boiling  has  commenced, 
and  it  may  be  quite  half  an  hour  before  it  becomes 
stationary.  The  final  reading  of  the  temperature  should 
only  be  taken  after  it  has  been  stationary  for  about  five 
minutes.  Before  reading  a  Beckmann  thermometer,  the 
top  should  always  be  tapped  with  the  finger,  this  is 
because  long  fine  threads  of  mercury,  like  the  thread  of 
the  Beckmann  thermometer,  are  apt  to  stick,  and  the 
tapping  has  the  effect  of  removing  this  source  of  error. 
When  the  boiling  point  of  the  solvent  has  been  deter- 
mined, the  flames  are  turned  out,  and,  as  soon  as  the 
liquid  ceases  to  boil,  the  condenser  attached  to  the  boiling 
tube  is  removed,  and  a  weighed  quantity  of  the  substance 
whose  molecular  weight  is  to  be  determined  is  added 
through  the  side  tube.  The  condenser  is  then  replaced 
and  the  boiling  point  re- determined.  Further  quantities 
of  the  substance  are  then  added,  and  the  boiling  points 
corresponding  to  them  determined  in  the  same  way. 
The  molecular  weight  should  now  be  calculated  for  each 
temperature,  the  total  weight  of  dissolved  substance 
present  when  the  temperature  is  taken,  being  used  in  the 
calculation.  It  is  often  recommended  that  a  quantity, 
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0*2  gram,  should  be  deducted  from  the  total  weight  of 
the  solvent  present,  to  allow  for  the  solvent  remaining  in 
the  condenser  and  side  tube.  Such  a  deduction  is  purely 
arbitrary  and  ought  not  to  be  made,  because  the  experi- 
mental error  is  always  more  than  would  be  accounted  for 
by  O2  gram  of  the  solvent  remaining  in  the  side  tube, 
and  this  figure  rarely  represents  the  quantity  retained 
by  the  condenser,  for  different  condensers  obviously  retain 
different  amounts.  It  is  essential  that  the  barometric 
pressure  should  be  noted  at  the  beginning  and  at  the  end 
of  an  experiment,  and,  if  it  is  found  to  have  changed,  the 
boiling  points  should  be  corrected  to  correspond. 

Attention  may  be  called  here  to  the  fact  that  acetone 
is  an  excellent  solvent  for  these  determinations,  since  it 
dissolves  so  many  substances  which  are  not  at  all,  or 
only  sparingly,  soluble  in  most  other  solvents,  and 
further,  it  can  easily  be  obtained  quite  pure. 

Form  in  which  Substances  are  Introduced.  The  sub- 
stances, if  solids,  should  be  finely  powdered  and  placed 
in  a  tube,  about  14  cm.  long  and  5  mm.  wide,  closed  at 
one  end,  in  which  they  are  weighed.  This  tube  can 
then  be  placed  right  into  the  side  tube  of  the  boiling 
tube,  and  a  quantity  of  the  substance  shaken  in  by 
gently  tapping  the  weighing  tube,  the  weight  added 
being  obtained  by  difference.  It  often  happens,  however, 
in  this  method  of  introducing  the  substance,  that  portions 
of  it  remain  in  the  side  tube  and  have  to  be  washed 
down  by  the  solvent  as  it  flows  back  from  the  condenser. 
This  often  takes  considerable  time,  and  tends  to  unduly 
prolong  the  experiment ;  it  can,  however,  be  avoided  by 
introducing  the  substance  as  a  tablet.  Such  tablets  are 
made  by  compressing  the  substance  in  a  press  which  is 
sold  for  the  purpose.  These  tablets  are  hard,  and  can 
easily  be  handled  with  a  pincette.  Another  method  of 
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introducing  the  substance  is  to  melt  a  quantity  of  it  in  a 
thin- walled  glass  tube,  into  a  stick.  This  stick  or  pencil 
can  easily  be  removed  from  the  tube  and  broken  into 
pieces  of  suitable  length,  which  can  then  be  weighed  and 
added  to  the  solvent  by  means  of  a  pincette. 

If  the  substance  to  be  added  is  a  liquid,  it  is  intro- 
duced by  means  of  a  pipette  shaped  as  in  Fig.  36,  which 

has  a  long  delivery  tube.  The 
pipette  is  filled  with  the  liquid 
and  weighed ;  the  delivery  tube 
is  then  inserted  right  inside  the 
side  tube  of  the  boiling  tube, 
and  a  small  quantity  of  the 
liquid  blown  out  of  the  pipette. 
If  a  drop  of  liquid  remains 
hanging  on  the  point  of  the 
pipette,  it  is  removed  by  touch- 
ing it  against  the  side  of  the 
thermometer. 

It  is  especially  important 
to  note  that  the  molecular  weight  of  substances  which 
have  an  appreciable  vapour  pressure  at  the  boiling  point 
of  the  solvent,  should  not  be  determined  by  this  method. 
Generally  the  substance  must  have  a  boiling  point  at 
least  120°  higher  than  the  boiling  point  of  the  solvent. 

Abnormal  Molecular  Weights.  It  often  happens  that 
the  molecular  weight  of  a  substance  obtained  by  the 
methods  described  in  this  section,  is  either  larger  or 
smaller  than  is  demanded  by  the  simplest  possible  for- 
mula of  the  substance.  This  is  due,  in  the  former  case, 
to  an  association  of  the  molecules  taking  place,  and  in 
the  latter  case,  to  a  dissociation.  Certain  solvents  have 
an  associating  tendency,  viz.  those  which  do  not  contain 
an  hydroxyl  group,  such  as  benzene,  chloroform,  carbon 
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bisulphide,  etc.;  those  which  contain  an  hydroxyl  group, 
such  as  water  and  the  alcohols,  have  a  dissociating  ten- 
dency. It  is  possible  to  determine  the  degree  of  associa- 
tion or  dissociation  of  substances  in  solution,  from  the 
values  obtained  as  the  molecular  weight. 

If  M  be  the  calculated  molecular  weight  of  a  sub- 
stance and  M!  that  experimentally  determined,  and 
if  a  represent  the  degree  of  association,  and  n  the 
number  of  simple  molecules  which  associate  to  form  a 
complex  molecule,  then  the  ratio  of  the  number  of 
molecules  actually  present  to  the  number  which  would 
be  present  had  no  association  taken  place,  is  given  by 

1—  a-\ — :  1.     This   has    the   same   value   as    the    ratio 
n 

between  the  experimentally  determined  and  the  calculated 
molecular  weight,  i.e.  M  :  MI}  or 

Mj_         1  M1-M 


M  a 

n 

For  dissociated  substances,  if  d  be  the  degree  of 
dissociation  and  n  the  number  of  parts  into  which  one 
molecule  dissociates,  and  M  and  Ml  have  the  same 
significance  as  before,  then  the  ratio  between  the  num- 
ber of  molecules  present  to  the  number  wThich  would 
have  been  present  had  no  dissociation  taken  place,  is 
given  by  1 :  l—d  +  nd,  and  this  is  the  same  as  the  ratio 
between  the  observed  and  the  calculated  molecular  weight, 
i.e.  MjiM ; 

IVK  1  ,          M  — M! 

—  =  3 7 — 7— »    or    d  =  — 7 *•*• 

M      1  —  a -{-an  M,(n  —  1) 
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EXPERIMENTS 

(i)  Determine  the  Molecular  Weight  of  Azobenzene  in 
Ethyl  Alcohol  Solution.  The  experiment  must  be  carried 
out  exactly  as  described  above.  Use  about  20  c.c.  of 
absolute  alcohol,  and  add  the  following  quantities  of 
azobenzene  successively  to  it,  01,  01,  0*2,  0'2  and  0'5 
gram. 

(ii)  Determine  the  Degree  of  Association  of  Nitroben- 
zene in  Benzene  Solution.  In  this  experiment,  quantities 
of  about  01,  0-2,  0'5,  TO  and  2'0  grams  should  be  added 
to  about  20  c.c.  of  benzene,  and  the  degree  of  association 
calculated  for  each  case,  on  the  assumption  that  two 
single  molecules  associate  to  form  one  complex  molecule. 

(iii)  Determine  the  Degree  of  Dissociation  of  Potassium 
Iodide  in  Water  Solution.  Quantities  of  about  0*2,  0'2, 
0*4,  ro  and  TO  gram  should  be  added  successively,  to 
about  20  c.c.  of  water.  The  influence  of  concentration 
on  the  degree  of  dissociation  should  be  indicated  by 
plotting  the  degree  of  dissociation  against  the  concentra- 
tion of  the  solution. 

(iv)  Determine  the  Molecular  Rise  of  the  Boiling  Point 
and  the  Latent  Heat  of  Vaporisation  of  Acetone.  For 
this  experiment,  use  about  0*5  gram  of  azobenzene  and 
20  grams  of  acetone.  The  molecular  weight  of  azoben- 
zene in  acetone  solution  may  be  assumed  to  be  that  of 
the  simple  chemical  formula. 

Other  Boiling  Point  Methods.  For  chemical  purposes, 
a  method  of  determining  molecular  weight  which  will 
give  the  values  to  within  5  per  cent,  is  sufficiently 
accurate,  for  in  most  cases  the  values  are  only  used  to 
decide  whether  the  empirical  formula  or  a  multiple  of 
it,  represents  the  molecular  weight  of  the  substance  in 
question.  For  this  purpose,  a  method  due  to  Lands- 
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berger  and  modified  by  Walker  and  Lumsden  is  quite 
suitable.  It  possesses  many  advantages  over  the  Beck- 
mann  method,  the  chief  of  which  is  the  rapidity  with 
which  the  determinations  can  be  carried  out.  One 
quantity  of  substance  only,  has  to  be  weighed  out,  and 
a  series  of  readings  are  obtained  by  varying  the  amount 
of  the  solvent  used,  which  is  measured,  not  by  weight,  but 
by  volume. 

The  apparatus,  as  devised  by  Walker  and  Lumsden, 
consists  of  a  graduated  tube  A  (Fig.  37),  which  is  blown 


H 


Fro.  37. 


into   a   bulb   above   the   graduations,  and   has  a  small 
pinhole  H  pierced  in  it  above  the  bulb.     This  tube  is 
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fitted  with  a  two  holed  rubber  stopper,  which  carries 
a  thermometer  T  graduated  in  twentieths  of  a  degree, 
and  a  narrow  tube  D  which  reaches  to  the  bottom  of 
the  tube,  and  is  terminated  by  a  small  bulb  perforated 
by  several  small  holes.  The  boiling  tube  A  is  supported 
in  a  glass  jacket  B  which  is  connected  to  a  condenser  C. 
The  tube  D  is  connected  to  a  conical  flask  F  fitted  with  a 
safety  tube  N. 

To  carry  out  a  determination,  about  10  c.c.  of  the 
solvent  are  placed  in  A,  and  about  150  c.c.  in  F,  together 
with  several  pieces  of  porcelain,  to  prevent  superheating. 
The  solvent  in  F  is  then  briskly  boiled,  and  the  vapour 
led  into  A  by  means  of  the  tube  D ;  here  it  is  at  first 
condensed,  but,  giving  up  its  latent  heat  to  the  liquid 
in  A,  soon  raises  it  to  the  boiling  point.  The  thermometer 
indicates  a  constant  temperature  at  this  point,  viz.  that 
of  the  boiling  point,  and  when  the  condensed  liquid  is 
dropping  regularly,  from  the  condenser,  the  temperature 
is  read.  A  lens  should  be  used  in  reading  the  thermo- 
meter, and  the  temperature  noted  to  y^-  of  a  degree. 
This  gives  the  boiling  point  of  the  solvent.  The  liquid 
is  then  nearly  all  emptied  out  of  A,  only '  about  3  c.c. 
being  left,  and  a  weighed  quantity,  about  1'5  grams,  of 
the  substance  whose  molecular  weight  is  to  be  deter- 
mined is  added.  The  vapour  is  again  passed  in  until 
the  solvent  drops  from  the  condenser  at  the  same 
rate  as  before.  The  temperature  is  read,  and  the 
boiling  flask  immediately  disconnected  and  the  flarne 
extinguished.  The  boiling  tube  is  then  removed  from 
the  jacket,  the  cork  is  lifted  so  that  the  thermometer 
and  delivery  tube  are  out  of  the  liquid,  and  the  volume 
is  read  to  the  nearest  tenth  of  a  cubic  centimetre.  Now, 
the  various  parts  of  the  apparatus  are  replaced,  and  the 
vapour  again  passed  in  as  before,  and  a  second  reading 
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obtained.    If  the  volume  of  liquid  admits,  a  third  reading 
should  be  taken. 

The  molecular  weight  is  calculated  by  the  same  formula 
as  used  in  the  case  of  the  Beckmann  method ;  the  constant 
K',  however,  has  a  different  value ; 

-100i0 

m=K 


where  m  is  the  molecular  weight,  w  the  weight  of  the 
substance  added,  V  the  volume  of  solvent,  d  the  increase 
in  the  boiling  point,  and  K'  the  constant. 

This  constant  may  be  obtained  from  that  employed 
in  the  Beckmann  method,  by  dividing  the  Beckmann 
constant  by  the  density  of  the  solvent  at  the  boiling 
point.  Thus,  if  K  is  the  constant  for  the  Beckmann 
method,  and  K'  that  for  the  Landsberger  method,  and 
s  the  density  of  the  solvent  at  the  boiling  point,  then 

K'-*. 

s 

The  following  table  gives  the  constants  for  a  few  of 
the  commoner  solvents : 


Solvent. 

K'. 

Boiling  Point. 

Latent  Heat  of 
Vaporisation. 

Ethyl  Alcohol,      - 

15  -GO 

78°-8 

215 

Ether,  - 

30-30 

35° 

90 

Acetone, 

22-20 

56°  -3 

125-3 

Water, 

5-40 

100° 

535-9 

Carbon  Bisulphide, 

19-30 

46°  -2 

867 

In  choosing  the  solvent  to  be  used  in  this  method,  two 
points  must  be  observed :  1.  the  latent  heat  of  vaporisa- 
tion must  be  as  large  as  possible,  so  that  the  temperature 
of  the  solvent  in  the  boiling  tube  may  be  brought  up  to 

S.C.  H 
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the  boiling  point  as  quickly  as  possible;  2.  the  mole- 
cular elevation  must  be  as  large  as  possible,  to  make  it 
possible  to  read  the  temperature  difference  with  sufficient 
accuracy,  by  the  type  of  thermometer  employed.  Water 
is  not  a  good  solvent  for  this  method,  although  it  has 
such  a  large  latent  heat  of  vaporisation,  because  its 
molecular  elevation  is  so  small,  but  it  may  be  used  if 
sufficiently  large  quantities  of  dissolved  substance  are 
used.  Alcohol  and  ether  are  the  best  solvents  for  this 
method  of  determination. 


EXPERIMENTS 

(i)  Determine  the  Molecular  Weight  of  Anthracene  in 
Ethyl  Alcohol  Solution.  Use  about  1/5  grams  of  anthra- 
cene for  this  experiment. 

(ii)  Determine  the  Degree  of  Dissociation  of  Potassium 
Iodide  in  Water  Solution.  Use  about  2  grams  of  potas- 
sium iodide,  and  calculate  the  degree  of  dissociation  by 
the  method  described  above. 

(iii)  Determine  the  Molecular  Weight  of  Benzamide  in 
Water  Solution,  and  calculate  the  Degree  of  Association. 
Use  about  2  grams  of  benzamide  for  the  experiment. 
Calculate  the  degree  of  association  on  the  assumption 
that  two  single  molecules  of  benzamide  associate  to  form 
one  complex  molecule. 

Many  modifications  of  the  Walker-Lumsden  apparatus 
have  been  described,  among  which  those  due  to  Sakuri 
(J.G.S.  1892,  989)  and  Ludlam  (J.C.S.  1902,  1194)  may 
be  mentioned  here. 

The  apparatus  due  to  Ludlam  possesses  many  points 
in  which  it  is  superior  to  the  others,  and  it  will  not  be 
out  of  place  to  describe  it  here.  Chief  among  its  advan- 
tages are  the  great  reduction  in  the  size  of  the  apparatus, 
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the  speed  with  which  the  determinations  can  be  effected, 
and  the  large  number  of  readings  which  can  be  obtained 
with  one  quantity  of  substance,  e.g.  with  carbon  bisulphide 
as  the  solvent,  as  many  as  seven  readings  have  been 
obtained. 

The  apparatus  consists  of  a  flask  F  (Fig.  38),  about 
300  c.c.  capacity.     The  flask  has  a  wide  neck  to  which 
a  side  tube  S  is  attached,  this 
serves   for   the    introduction   of 
the    solvent.      The    flask    F    is 
fitted  with  a  large  cork  carrying 
a  tube  B,  10  cm.  long   and  2'5 
cm.  diameter,  which  has  a  small 
hole  H  pierced  in  its  side.     B  is 
fitted  with  a  cork,  and  carries  a 
graduated  tube  C,  which  is  per- 
forated at  the  bottom  by  a  small 
hole  D.    This  hole  is  closed  by  a   s 
glass  pellet  E  which  serves  as  a 
valve,  and  is  kept  in  position  by 
a    piece    of     platinum    wire    K. 
The  top  of  the  tube  C  is  shaped  D 
as  indicated  in  the  diagram,  and 
is  fitted  with  two  side  tubes,  M 
and  N.     The  side  tube  M  is  used 
for    introducing    the    substance, 
and  the  tube  N  is  attached  to  a  condenser.  A  thermometer, 
registering  tenths  of  a  degree,  is  used  with  this  appar- 
atus.    The  side  tube  S  is  closed  by  a  rubber  stopper 
which  carries  a  glass  tube  closed  by  a  piece  of  rubber 
tubing  and  a  clip  X. 

To  make  a  determination,  the  flask  F  is  half  filled 
with  the  solvent,  to  which  a  few  pieces  of  broken  porce- 
lain are  added  to  prevent  superheating.  A  small 


FIG.  38. 


116  PHYSICAL  CHEMISTRY 

quantity  of  the  solvent,  about  3  c.c.,  is  placed  in  C, 
and  the  heating  commenced.  The  liquid  in  F  boils,  and 
the  vapour  passes  through  the  hole  H  and  down  the 
space  between  B  and  C,  thus  forming  a  double  vapour 
bath,  which  effectually  prevents  the  temperature  of  the 
liquid  in  C  being  influenced  by  the  outside  temperature. 
The  vapour  then  passes  through  the  valve  E  and  through 
the  liquid.  The  other  details  of  this  method  are  practi- 
cally the  same  as  those  of  the  Walker-Lumsden  method. 

4.  Freezing  Point  Method 

When  a  substance  is  dissolved  in  a  solvent,  the  freez- 
ing point  of  the  solvent  is  depressed  by  an  amount 
which  is  proportional  to  the  molecular  concentration  of 
the  dissolved  substance.  Hence  it  is  possible  to  calcu- 
late the  molecular  weight  of  the  dissolved  substance 
from  the  lowering  of  the  freezing  point,  produced  when 
a  known  weight  is  dissolved  in  a  known  weight  of  the 
solvent. 

Thus,  if  w  grams  of  a  substance  of  molecular  weight 
77i  are  dissolved  in  G  grams  of  a  solvent,  and  lower  the 
freezing  point  A°,  then  the  molecular  weight  of  the  dis- 
solved substance  will  be  given  by  the  expression 

IQOto 

m=K^T' 

where  K  is  a  constant  depending  on  the  solvent  and 
known  as  the  "  molecular  depression,"  i.e.  the  amount  by 
which  the  freezing  point  of  the  solvent  would  be  lowered 
if  one  gram  molecular  weight  of  a  substance  was  dis- 
solved in  100  grams  of  the  solvent. 

The  value  of  K  for  any  particular  solvent  can  be  found 
by  determining  the  lowering  of  the  freezing  point  pro- 
duced by  a  known  weight  of  a  substance  of  known 
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molecular  weight.  Thus,  if  a  grams  of  a  substance  of 
molecular  weight  M  were  dissolved  in  W  grams  of  a 
solvent,  and  lowered  the  freezing  point  t°,  then  the 
value  of  K  would  be  given  by  the  expression 

W      t 


100  a 


M. 


The  constant  may  also  be  calculated  from  the  latent 
heat  of  fusion  of  the  solvent,  in  a  way  similar  to  that  in 
which  the  boiling  point  constant  was  calculated  from  the 
latent  heat  of  vaporisation.  Thus, 

0-02T2 
IT-' 

where  T  is  the  freezing  point  of  the  pure  solvent  in 
absolute  measure,  and  L  is  the  latent  heat  of  fusion. 
The  accompanying  table  gives  a  few  of  the  more  com- 
monly used  solvents,  together  with  the  value  of  K  and 
the  latent  heat  of  fusion. 


Solvent. 

Freezing  Point. 

K. 

Latent  Heat  of 
Fusion. 

Water, 

0° 

18-6 

79-1 

Acetic  Acid, 

17° 

39-0 

43-1 

Benzene,    - 

5°  "5 

50-0 

30-1 

Nitrobenzene,    - 

6°'0 

70-0 

22-3 

Benzophenone,  - 

48°'l 

98-0 

237 

Azobenzene, 

69° 

83-0 

27-9 

The  method  of  the  lowering  of  the  freezing  point  can 
only  be  employed  for  the  determination  of  molecular 
weights  when,  in  the  process  of  freezing,  the  solvent 
separates  out  alone.  Hence,  in  the  case  of  those  sub- 
stances which  form  mixed  crystals  or  isomorphous  mix- 
tures with  the  solvent,  the  method  is  inapplicable. 
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In  everyday  practice,  it  is  usual  to  employ  solvents 
which  are  liquid  at  ordinary  temperature,  and  cause 
them  to  freeze  by  immersion  in  cooling  baths;  it  is, 
however,  often  advantageous  to  employ  as  solvents,  sub- 
stances which  are  solid  at  the  ordinary  temperature,  and 
to  melt  them  by  surrounding  them  with  a  bath  just 
above  their  melting  point,  and  then  allow  them  to  freeze 
by  lowering  the  bath  to  just  below  their  melting  point. 

The  method  of  working  is 
exactly  the  same  for  both 
classes  of  solvents,  but  it  will 
be  well  to  consider  them 
separately. 

1.  Solvents  which  are  Liquid 
at  Ordinary  Temperature.  The 
apparatus  employed  for  de- 
termining the  lowering  of 
the  freezing  point  by  means 
of  this  class  of  solvent, 
consists  of  a  glass  tube  A 
(Fig.  39),  about  14?  cm.  long 
and  2  cm.  wide,  which  is 
fitted  with  a  side  tube  B. 
The  tube  A  is  supported  by 
means  of  a  cork  in  a  second, 
slightly  wider,  glass  tube 
C,  which  serves  as  an  air 

jacket  and  prevents  the  freezing  tube  A  from  coming  into 
direct  contact  with  the  cooling  mixture,  and  thereby 
ensures  slower  and  more  regular  cooling  of  the  contents 
of  A.  The  freezing  tube  is  fitted  with  a  cork,  through 
which  pass  a  Beckmann  thermometer  T  and  a  stirrer 
S.  The  whole  apparatus  is  supported  in  a  suitable 
freezing  mixture,  which  is  contained  in  a  stout  glass  jar 
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E,  fitted  with  a  metal  lid  L,  into  which  three  holes  are 
bored.  The  centre  hole  F  carries  the  freezing  tube  with 
its  air  jacket,  a  metal  stirrer  H  passes  through  one  of  the 
smaller  holes,  and  the  other  supports  a  test  tube  K,  which 
contains  a  small  quantity  of  the  solvent  used  in  the 
experiment. 

Before  commencing  an  experiment,  the  Beckmann 
thermometer  must  be  adjusted,  as  described  in  the  last 
section,  so  that  it  will  record  the  temperatures  of  the 
experiment.  The  freezing  tube  A  is  fitted  with  two 
unbored  corks  and  weighed,  15-20  grams  of  the  solvent 
are  then  added,  and  the  tube  weighed  again.  The 
weighings  of  the  solvent,  in  determinations  of  this  type, 
need  only  be  made  to  the  nearest  centigram.  The  ther- 
mometer and  stirrer  are  then  placed  in  the  tube,  so  that 
the  bulb  of  the  thermometer  is  completely  immersed  in 
the  solvent.  The  freezing  tube  is  then  placed  in  the  air 
jacket,  and  the  whole  immersed  in  the  cooling  bath, 
which  should  have  a  temperature  about  2°— 3°  below  the 
freezing  point  of  the  solvent.  Having  weighed  the 
solvent  and  fitted  up  the  apparatus,  an  approximate 
determination  of  the  freezing  point  should  first  be  taken. 
This  is  done  by  removing  the  freezing  tube  from  the  air 
jacket  and  immersing  it  directly  into  the  freezing  mixture 
until  crystals  of  the  solvent  begin  to  form.  When  this 
happens,  the  tube  is  removed  from  the  freezing  bath, 
dried  quickly,  and  placed  in  the  air  jacket  which  is  still 
in  the  freezing  mixture,  and  stirred  slowly,  the  point  at 
which  the  temperature  remains  constant  being  noted. 
The  freezing  tube  is  then  removed  from  the  air  jacket, 
and  the  frozen  solvent  melted  by  holding  it  in  the  hand. 
Then  it  is  replaced  in  the  air  jacket  and  slowly  stirred 
until  the  temperature  is  about  00>2-0°'5  below  the 
approximate  freezing  point  found  above;  then  it  is 
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stirred  more  rapidly;  the  solvent  will  now  generally  com- 
mence to  solidify,  and  the  temperature  will  rise.  It  must 
be  stirred  slowly  as  long  as  the  temperature  rises,  care 
being  taken  to  tap  the  thermometer,  and  so  prevent  the 
thread  hanging,  before  taking  a  reading.  The  highest 
point  reached  is  then  noted  as  the  freezing  point  of  the 
solvent.  The  operation  must  be  repeated  until  three 
determinations  have  been  obtained,  which  agree  to 
within  0°'002.  The  mean  of  the  three  readings  is  taken 
as  the  freezing  point  of  the  solvent.  If,  as  not  in- 
frequently happens,  the  solvent  refuses  to  solidify  when 
cooled  to  0°*5  below  its  freezing  point,  solidification  can 
be  induced  by  adding  a  tiny  crystal  of  the  solvent  from 
the  tube  K.  On  no  account  should  the  liquid  be  super- 
cooled more  than  0°*5,  otherwise  the  freezing  point 
registered  by  the  thermometer  will  be  inaccurate.  When 
the  freezing  point  of  the  pure  solvent  has  been  obtained, 
the  freezing  tube  is  removed  from  the  cooling  bath,  and 
about  0'1-0'2  of  the  substance  is  added  through  the  side 
tube  B ;  in  the  case  of  solids  this  is  added  as  a  tablet  or 
stick,  and  in  the  case  of  liquids  by  means  of  a  pipette 
(see  last  section).  The  solvent  is  stirred  until  all 
the  substance  has  dissolved,  and  then  the  tube  is  re- 
placed in  the  air  jacket  and  cooled  again,  with  constant 
slow  stirring,  and  the  new  freezing  point  determined 
exactly  as  in  the  case  of  the  pure  solvent.  Here  again 
three  concordant  readings  must  be  obtained.  Further 
quantities  of  the  dissolved  substance  may  then  be  added, 
and  still  greater  lowerings  obtained. 

Abnormal  molecular  weights  are  often  obtained  by 
this  method,  just  as  in  the  case  of  the  boiling  point 
method,  due  to  association  or  dissociation  of  the  dissolved 
substance.  The  degree  of  association  or  dissociation  can 
be  calculated  from  the  molecular  weights  obtained  from 


MOLECULAR  WEIGHTS  IN  SOLUTION  121 

the  freezing  point  lowering,  by  using  formulae  similar  to 
those  given  in  the  last  section. 

EXPERIMENTS 

(i)  Determine  the  Molecular  Weight  of  p-Toluidine  in 
Benzene  Solution,  A  cooling  bath  of  ice  and  water  must 
be  used  for  this  experiment.  Add  successive  quantities 
of  (V2,  0'2  and  0*4  gram  of  £>-toluidine  to  the  benzene. 

The  experiment  may  be  repeated  to  determine  the 
molecular  weight  of  nitrobenzene,  quantities  of  (V25,  0*25 
and  0'5  gram  being  added. 

(ii)  Determine  the  Degree  of  Association  of  Benzoic 
Acid  in  Benzene  Solution.  Add  quantities  of  (VI ,  (V2, 0'2, 
0'5  and  1*0  gram  of  benzoic  acid.  Calculate  the  degree 
of  association,  assuming  that  two  simple  molecules  of 
benzoic  acid  associate  to  form  one  complex  molecule. 
Find  the  influence  of  concentration  on  the  association, 
by  plotting  the  degree  of  association  against  the  con- 
centration of  the  solution. 

(iii)  Determine  the  Degree  of  Dissociation  of  Potas- 
sium Chloride  in  Water  Solution.  An  intimate  mixture 
of  powdered  ice  with  a  little  salt  should  be  used  as  the 
freezing  mixture  for  this  experiment.  Add  quantities  of 
potassium  chloride  of  (VI,  0*1,  0*2,  0*2,  0*5  and  0*5  gram. 
The  degree  of  dissociation  should  be  expressed  along  with 
the  concentration.  A  curve  may  also  be  drawn  showing 
the  influence  of  concentration  on  the  degree  of  dis- 
sociation. 

2.  Solvents  which  are  Solid  at  Ordinary  Temperature 

The  use  of  melted  solid  substances  as  solvents,  in  the 
determination  of  molecular  weight,  involves  exactly  the 
same  principle  as  the  use  of  liquid  solvents,  but  since 
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these  solvents  have  usually  a  very  large  "Depression 
Constant,"  it  is  unnecessary  to  use  a  Beckmann  ther- 
mometer, and  consequently  a  thermometer  reading  to 
yV  degree  may  be  substituted  for  it. 

The  apparatus  necessary,  consists  of  a  test  tube  A 
(Fig.  40),  supported  by  a  cork  in  the  neck  of  a  somewhat 
wider  tube  B,  which  serves  as  an  air 
jacket.  The  tube  A  is  fitted  with  a  cork 
which  carries  a  thermometer  T  and  a 
stirrer  S,  made  of  stout  platinum  wire. 
The  two  tubes  are  supported  in  a  beaker 
of  water  or  other  liquid,  which  can  be 
raised  to  the  required  temperature  by  a 
A  carefully  regulated  flame.  The  method  of 
carrying  out  the  experiment  is  the  same  as 
that  already  described. 

EXPERIMENT 

Determine  the  Molecular  Weight  of 
a-NapJithol  in  Azobenzene  Solution.  Use 
about  10  grams  of  azobenzene  as  solvent 
for  this  experiment.  Melt  it  in  a  water  bath  at 
about  73°-74°.  When  all  is  melted  remove  the  flame 
and  allow  the  water  to  cool  slowly,  keeping  both  the 
water  and  azobenzene  well  stirred  until  solidification 
takes  place.  Under  no  circumstances  should  the  tem- 
perature of  the  water  bath  be  more  than  one  degree 
below  the  freezing  point  of  the  azobenzene  when  the 
freezing  point  is  read.  Three  readings  of  the  freezing 
point  should  be  made  and  the  mean  value  taken.  Then 
add  about  0*15  gram  of  a-naphthol,  and  again  melt  the 
whole ;  stir  well  to  ensure  complete  solution,  and  cool  as 
before,  noting  the  temperature  of  solidification.  Repeat, 
adding  further  quantities  of  01  and  0'2gram  of  a-naphthol. 


FIG.  40. 


CHAPTER   VIII 
SOLUBILITY  DETERMINATION 

THE  solubility  is  a  factor  which  enters  frequently  into 
the  calculations  of  many  physico-chemical  determinations, 
hence  a  short  description  of  the  methods  adopted  for  its 
determination  is  necessary  here.  Solubility  determina- 
tions for  the  present  purpose  can  be  considered  under 
three  heads :  (i)  solubility  of  gases  in  liquids,  (ii)  solu- 
bility of  liquids  in  liquids,  and  (iii)  solubility  of  solids 
in  liquids. 

By  the  solubility  of  a  substance  in  a  liquid,  one  under- 
stands, in  the  case  of  solids,  the  weight  of  the  solid 
dissolved  by  a  given  weight  of  the  solvent,  generally 
100  grams,  to  form  a  saturated  solution  at  a  given 
temperature.  The  solubility  of  liquids  and  gases  is 
generally  expressed  as  the  volume  dissolved  by  a  given 
volume  of  the  solvent  to  form  a  saturated  solution  at  a 
given  temperature.  As  in  all  cases,  the  solubility  varies 
with  the  temperature,  this  must  always  be  stated  along 
with  the  solubility. 

1.  Solubility  of  Gases  in  Liquids 

a.  Sparingly  Soluble  Gases.  For  the  determination  of 
the  solubility  of  those  gases  which  are  not  excessively 
soluble  in  the  liquid  in  question,  the  apparatus  due 
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to  Ostwald  may  be  employed.  This  consists  of  a  gas 
burette  A  (Fig.  41),  of  about  150  c.c.  capacity,  con- 
nected to  a  levelling  tube  L. 
The  burette  is  connected  to 
an  absorption  vessel  B,  of 
about  75  c.c.  capacity,  which 
is  fitted  with  a  three-way 
tap  t  and  a  two-way  tap  s. 
All  connections  between  the 
two  pieces  of  the  apparatus 
are  made  by  short  pieces  of 
stout-walled  rubber  tubing, 
which  are  wired  on.  Before 
making  an  experiment,  the 
volume  of  the  absorption 
vessel  between  the  taps  s 
and  t  must  be  determined. 
This  can  be  done  most  easily 
by  filling  it  with  mercury, 
and  running  the  mercury 
into  a  graduated  measuring  vessel.  In  making  an 
experiment,  the  absorption  vessel  is  filled  with  the 
solvent,  and  both  taps  s  and  t  are  closed.  Then  the 
upper  tube  of  the  tap  s  is  carefully  dried  on  the  inside 
by  means  of  filter  paper. 

The  burette  is  then  connected  with  the  absorption 
vessel,  as  indicated  in  the  diagram,  and  the  tap  r  is 
turned  so  that  the  burette  is  open  to  the  air.  The 
levelling  tube  is  raised  until  the  burette  and  tap  are 
full  of  mercury.  The  burette  is  then  connected  to  a 
gasholder  containing  the  gas  whose  solubility  is  to  be 
determined,  and  the  gas  is  admitted  into  A  by  lowering 
L.  When  sufficient  gas  has  been  taken  into  F,  the  taps 
r  and  t  arc  turned,  so  that  the  gas  from  the  holder  may 
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flow  through  the  connecting  tube  T,  and  so  fill  it.  The 
tap  t  is  then  closed,  and  r  is  turned  so  that  the  burette 
and  connecting  tube  are  in  communication,  and  the 
apparatus  allowed  to  stand  for  about  20  minutes  until 
the  contents  have  taken  on  the  surrounding  temperature. 
The  levelling  tube  is  then  adjusted,  and  the  volume  of 
the  gas  read.  A  graduated  measuring  vessel  is  then 
placed  under  s,  which  is  opened,  and  then  the  burette 
and  absorption  vessel  are  placed  in  communication  with 
one  another  by  opening  t.  A  quantity  of  the  solvent, 
about  30  c.c.,  is  expelled  from  B  by  raising  the  levelling 
tube  L,  and  then  the  tap  s  is  closed.  The  liquid  driven 
out  is  carefully  measured,  and  the  absorption  vessel 
gently  shaken  until  the  height  of  the  mercury  in  A 
remains  stationary,  when  the  volume  of  the  gas  is  again 
read. 

Care  must  be  exercised  in  shaking  B  that  none  of  the 
liquid  is  thrown  into  the  tap.  Should  the  solubility  be 
required  at  a  given  temperature,  the  absorption  vessel 
must  be  immersed  in  a  thermostat  at  that  tempera- 
ture. If  t  is  the  temperature  of  the  absorption  vessel,  B 
the  barometric  pressure,  vl  the  initial  reading  of  the 
burette  and  V2  the  final  reading,  ^  the  temperature  of 
the  burette,  V0  the  volume  of  liquid  expelled  from  the 
absorption  vessel,  v  the  volume  of  the  absorption  vessel 
and  p  the  vapour  tension  of  the  liquid  at  the  temperature 
of  the  experiment,  then  if  s  is  the  solubility, 
B 


s  =  -  -  -  c.c.  s  per  c.c. 

/!»  _  /J»  A 


EXPERIMENT 

Determine  the  Solubility  of  Carbon  Dioxide  in  Water 
at  room  temperature.     In  this  experiment,  admit  about 
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120  c.c.  of  carbon  dioxide  into  the  burette,  and  leave 
from  30-40  c.c.  of  water  in  the  absorption  vessel.  The 
water  used  for  this  experiment  must  be  freshly  boiled 
distilled  water,  which  has  been  allowed  to  cool  out  of 
contact  with  air. 

b.  Very  Soluble  Gases.     The  solubility  of  gases  which 
are  extremely  soluble  in  liquids,  e.g.  ammonia  or  hydro- 
chloric   acid   in   water,   cannot   be   determined   by   the 
method  described    above.     To  determine  the  solubility 
of  such  gases,  a  thin-walled  glass  vessel  of  the  shape 
indicated  in  Fig.  42  is  used;    this  vessel 
should   have   a   capacity  of  about   30   c.c. 
ff    It  is  carefully  cleaned,  dried  and  weighed ; 
a   small    quantity    of    the    solvent,   about 
10-15  c.c.,  is  then  drawn  into  it,  and  the 
whole  again  weighed.     The  vessel  is  then 
placed  in  a  thermostat,  and  a  current  of 
the  gas  in  question  passed  into  it  until  no 
more    is    absorbed.      The    vessel    is    then 
sealed  at  both  ends  and  re- weighed.    This 
gives  the  weight   of   the  solution,  and  if 
it  were  permissible   to  assume  that  none 
of   the   solvent  had  been  lost  during   the 
experiment,  by  being  carried  away  by  the 
stream  of  gas,  the  solubility  could  be  directly 
calculated.    This,  however,  may  not  be  done,  and  to  obtain 
an  accurate  result  from  the  experiment,  it  is  necessary  to 
adopt  some  chemical  method  for  determining  exactly  the 
quantity  of   gas  in  the   measured   weight   of   solution. 
General  directions  cannot  be  given  to  meet  all  cases,  but 
if  the  solubility  of  ammonia  or  hydrochloric  acid  were  in 
question,  the  bulb  could  be  broken  under  a  measured 
volume  of  normal  sulphuric  acid  or  soda  respectively,  and 
the  excess  of  the  normal  solution  obtained  by  tit  ration. 
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This  would  then  give  the  weight  of  the  gas  in  a  given 
weight  of  solution,  from  which  the  amount  in  a  given 
weight  of  the  solvent  could  be  obtained.  A  correction 
ought  to  be  applied  for  the  amount  of  gas  contained  in 
the  bulb  above  the  saturated  solution,  which  has  been 
weighed  and  estimated  along  with  that  in  solution. 

EXPERIMENT 

Determine  the  Solubility  of  Sulphur  Dioxide  in  Water 
at  25°.  Carry  out  this  experiment  exactly  as  described 
above.  The  gas  may  be  conveniently  obtained  from  a 
syphon  of  liquid  sulphur  dioxide.  To  estimate  the 
amount  of  gas  absorbed,  break  the  vessel,  after  weighing, 
in  a  beaker  containing  250  c.c.  of  standard  potassium 
permanganate  solution,  which  has  about  5  grams  potas- 
sium permanganate  to  the  litre.  The  excess  of  potassium 

permanganate  may  then  be  titrated  with  —  oxalic  acid 

solution.  In  breaking  the  bulb,  the  best  method  is  to 
scratch  a  file  mark  on  both  tubes  near  the  bulb,  then 
hold  the  bulb  under  the  permanganate,  and  break  off 
the  tubes  by  pressing  them  against  the  side  of  the 
beaker  with  a  glass  rod.  The  bulb  must  then  be  crushed 
by  tapping  it  with  a  glass  rod.  If  the  bulb  is  not 
entirely  covered  by  the  permanganate  solution,  a  quan- 
tity of  freshly  boiled  and  cooled  water  may  be  added, 
to  completely  cover  it.  Compare  the  solubility  obtained 
with  that  calculated  from  the  weighings  alone. 

2.  Solubility  of  Liquids  in  Liquids 

Liquid  pairs  fall  into  two  groups  with  respect  to  their 
mutual  solubility:  (i)  those  pairs  of  liquids  which  are 
soluble  in  one  another  in  all  proportions,  and  (ii)  those 
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pairs  which  are  soluble  to  a  definite  extent  in  one  another. 
The  solubility  in  the  first  case  is  an  unlimited  quantity 
and  does  not  concern  us  here ;  in  the  second  case,  how- 
ever, it  is  a  perfectly  definite  quantity,  and  can  be  deter- 
mined in  the  following  manner  : 

The  two  liquids,  in  approximately  equal  quantities,  are 
placed  in  a  250  c.c.  stoppered  bottle;  the  stopper  and  neck 
of  the  bottle  are  covered  by  an  indiarubber  cap,  which  is 
tied  tightly  on  to  the  neck,  so  that  the  stopper  is  held 
firmly  in  its  place  and  nothing  may  enter  the  bottle. 
The  bottle  is  then  placed  in  a  thermostat  and  shaken 
for  2-3  hours,  then  it  is  removed  from  the  shaker,  and 
allowed  to  stand  in  the  bath  until  its  contents  have 
settled  into  two  layers.  If  at  this  point  it  is  noticed 
that  only  one  layer  has  formed,  more  of  one  of  the 
liquids  must  be  added,  and  the  shaking  repeated.  When 
the  two  layers  have  separated  and  are  quite  clear,  a 
measured  quantity  of  the  top  layer,  e.g.  10  c.c.,  is  pipetted 
off  and  analysed.  The  bottle  is  then  closed  again  and 
shaken  for  one  hour  longer,  and  the  top  layer  analysed ; 
if  both  analyses  agree,  then  it  may  be  taken  that  the 
solutions  are  saturated.  Should  the  analyses  not  agree, 
the  bottle  must  be  shaken  again,  until  two  successive 
analyses  agree.  When  the  saturation  point  has  been 
reached,  a  quantity  of  the  bottom  layer  may  also  be 
removed  and  analysed.  This  is  done  by  closing  the  top 
of  the  pipette  with  the  finger,  and  inserting  it  below  the 
top  layer  and  then  filling  in  the  usual  way ;  on  removing 
the  pipette,  the  outside  should  be  carefully  wiped,  to 
prevent  any  liquid  which  may  be  adhering  to  the  outside 
from  running  down  and  mixing  with  the  contents  of  the 
pipette  as  they  are  run  out  for  the  purpose  of  analysis. 
No  general  directions  can  be  given  for  the  analysis  of 
the  various  liquid  solutions;  the  method  of  treatment 
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must  be  devised  to  suit  the  substances  under  considera- 
tion. Occasionally  it  happens  that  the  boiling  points  of 
the  two  liquids  are  far  apart ;  when  this  is  the  case,  the 
more  volatile  may  be  distilled  off  from  a  known  weight 
of  the  mixture,  and  the  residue  weighed.  The  result 
will  be  much  more  accurate,  however,  if  some  purely 
chemical  method  of  analysis  can  be  employed,  e.g 
titration. 

EXPERIMENT 

Determine  the  Solubility  of  Aniline  in  Water  at  25°. 
In  this  experiment  use  about  20  c.c.  of  aniline  and 
100  c.c.  of  water,  and  saturate  them  with  one  another 
as  described  above ;  after  shaking,  analyse  the  aqueous 
solution,  i.e.  the  top  layer.  The  quantity  of  aniline 
present  in  this,  may  be  determined  by  titrating  the 
solution  with  a  standard  solution  of  potassium  bromide 
and  potassium  bromate,  in  the  presence  of  hydrochloric 
acid.  The  standard  solution,  which  must  contain  the 
bromide  and  bromate  in  the  proportion  of  5  molecules 
of  the  former  to  1  molecule  of  the  latter,  is  best  made  up 
by  cautiously  adding  bromine  to  a  saturated  solution 
of  caustic  potash,  until  no  more  is  taken  up.  The 
solution  is  then  diluted  to  dissolve  any  crystals  which 
may  have  formed,  and  more  bromine  is  added  and  finally 
bromine  water,  until  the  solution  has  only  a  faint  alkaline 
reaction.  The  solution  now  contains  bromide  and  bromate 
in  the  required  proportion.  It  has  now  to  be  standardised, 
by  titrating  weighed  quantities  of  aniline  with  it,  and 
brought  to  such  a  strength  that  about  20  c.c.  of  it 
are  equivalent  to  0*5  gram  of  aniline.  The  titration  is 
effected  in  the  following  manner:  about  0*5  gram  of 
aniline  is  diluted  with  20  c.c.  of  water,  and  10  c.c.  of 
concentrated  HC1  are  added,  and  the  standard  solution 
s.c.  I 
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added  slowly  in  small  quantities.  The  flask  in  which 
the  titration  is  being  carried  out  must  be  vigorously 
shaken  after  each  addition,  a  white  precipitate  of  tribrom- 
aniline  is  formed  and  a  clear  colourless  solution  left. 
The  end  of  the  reaction  is  indicated  by  the  solution 
becoming  faintly  yellow.  The  following  equations 
represent  the  course  of  the  reaction : 

KBr03  +  5KBr  +  6HC1  =  HBr03 + 5HBr  +  6KC1 

HBrO3  +  5HBr  =  3Br2  +  3H2O 
C6H5NH2  +  3Br2  =  C6H2Br3N  H2  +  3HBr. 

Take  20  c.c.  of  the  saturated  solution  for  each  titration 
and  add  20  c.c.  of  water  and  10  c.c.  of  concentrated 
hydrochloric  acid. 

3.   Solubility  of  Solids  in  Liquids 

To  determine  the  solubility  of  a  solid  in  a  liquid,  a 
quantity  of  solid,  sufficient  to  saturate  the  liquid,  is  finely 
powdered  and  placed  in  a  stout  bottle  fitted  with  a  well 
ground  stopper.  A  quantity  of  the  solvent  is  added,  the 
bottle  closed,  and  the  neck  and  stopper  covered  by  a  rubber 
cap.  The  bottle  is  then  placed  in  a  thermostat  and 
shaken  for  3-4  hours.  The  bottle  is  then  removed  from 
the  shaker  and  allowed  to  stand  in  the  thermostat  until 
its  contents  have  settled.  When  the  solution  is  perfectly 
clear,  a  measured  quantity  is  removed  by  means  of 
a  pipette  and  analysed.  The  bottle  is  then  shaken  for 
2  hours  and  the  solution  analysed  again.  Shaking  must 
be  persisted  in  until  two  successive  shakings  do  not 
change  the  concentration  of  the  solution.  The  method 
of  obtaining  a  saturated  solution  may  be  varied  in  the 
following  manner :  the  solvent  containing  an  excess 
of  the  solid  is  heated  to  a  temperature  considerably 
above  that  at  which  the  solubility  is  to  be  determined. 
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The  solution,  in  this  way,  already  contains  more  of  the 
solid  than  it  can  hold  at  the  experimental  temperature. 
It  is  then  placed  in  a  bottle,  together  with  a  small 
quantity  of  the  solid,  and  sha,ken  at  the  required 
temperature  in  a  thermostat,  as  described  above,  until 
the  analysis  of  the  solution  gives  constant  results. 

This  method  of  producing  a  saturated  solution  is  apt 
to  lead  to  results  which  are  too  high,  whilst  the  first 
method  may  give  results  which  are  too  low.  The  best 
method  of  procedure  is  to  start  the  saturation  from  both 
sides,  i.e.  from  a  supersaturated  solution,  and  from  the 
pure  solvent,  and  shake  until  both  give  the  same  result. 

It  is  generally  found  in  solubility  determinations  that 
the  more  soluble  the  substance,  the  more  quickly  it 
reaches  saturation,  but  no  general  rule  can  be  stated 
to  furnish  a  guide  as  to  the  length  of  time  required 
for  saturation.  The  majority  of  the  salts,  which  are 
generally  known  as  easily  soluble  salts,  reach  saturation 
in  from  3-4  hours,  whilst  the  so-called  "insoluble" 
substances  often  require  to  be  shaken  for  days  and  even 
weeks  before  saturation  is  attained. 

The  removal  of  the  saturated  solution  is  effected  by  a 
dry  pipette,  calibrated  to  withdraw  a  definite  volume, 
if  the  solubility  is  required  in  terms  of  the  weight 
of  dissolved  substance  in  a  measured  volume  of  solution. 
The  pipette  is  emptied  into  a  beaker  in  the  usual  way, 
and  thoroughly  washed  out  with  distilled  water,  the 
washings  being  added  to  the  saturated  solution  in  the 
beaker.  If  the  solubility  is  required  in  terms  of  the 
weight  of  dissolved  substance  in  a  given  weight  of  water, 
the  solution  may  be  withdrawn  by  any  dry  pipette,  and 
transferred  to  a  tared  weighing  bottle,  and  then  weighed- 
Should  the  temperature  at  which  saturation  has  been 
effected  be  much  above  the  atmospheric  temperature,  the 
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pipettes  used  for  withdrawal  must  be  warmed  before 
being  used  to  extract  the  liquid,  to  prevent  deposition 
of  the  solid  taking  place  in  them. 

The  method  of  analysis  to  be  adopted  depends,  as  in 
the  case  of  liquids,  upon  the  nature  of  the  dissolved 
substance.  Solids  which  are  quite  stable  at  tempera- 
tures 10°-20°  above  the  boiling  point  of  the  solvent, 
may  be  determined  by  driving  off  the  solvent  by 
evaporation,  and  then  heating  the  residue  to  a  tempera- 
ture a  few  degrees  above  the  boiling  point  of  the  solvent 
for  15-20  minutes,  weighing  and  re-heating  until  the 
weight  is  constant.  Substances  which  are  not  stable 
toward  heat  must  be  determined  by  the  usual  analytical 
methods,  either  volumetric  or  gravimetric.  In  this  con- 
nection it  must  always  be  remembered  that,  frequently, 
these  saturated  solutions  are  much  too  concentrated  to 
be  analysed  directly,  and  they  must  therefore  be  diluted 
to  a  known  volume,  and  an  aliquot  part  taken  for 
analysis.  Those  solids  which,  by  reason  of  their  small 
solubility,  e.g.  silver  chloride,  barium  sulphate,  etc., 
cannot  be  determined  by  the  foregoing  methods,  are 
determined  by  the  methods  of  electro-chemistry.  (See 
chapters  on  Electro-conductivity,  and  Electromotive 
force,  Part  II.) 

EXPERIMENTS 

(i)  Determine  the  Solubility  of  Potassium  Chloride 
in  Water  at  25°.  Place  about  40  grams  of  powdered 
potassium  chloride,  and  100  c.c.  of  distilled  water  in  a 
stoppered  bottle ;  in  a  second  bottle  place  a  little  solid 
potassium  chloride  and  about  100  c.c.  of  potassium 
chloride  solution,  which  has  been  prepared  by  boiling 
water  with  an  excess  of  potassium  chloride  for  a  few 
minutes.  Shake  both  for  3-4  hours,  allow  the  contents 
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to  settle  and  then  transfer  10  c.c.  of  each  to  weighed 
platinum  dishes,  and  remove  the  water  by  heating 
on  a  water  bath.  Dry  the  solid  at  120°  for  15  minutes, 
and  weigh.  Shake  the  bottle  for  1  hour  longer  and 
re-determine,  if  both  the  former  results  do  not  agree. 
Express  the  result  in  grams  of  potassium  chloride  per 
100  grams  of  water,  and  also  per  100  c.c.  of  solution. 

(ii)  Determine  the  Solubility  of  Ammonium  Chloride 
in  Water  at  25°.  Use  45  grams  of  ammonium  chloride 
and  100  c.c.  of  water  for  this  experiment.  Shake  for 
3-4  hours,  and  after  the  solution  has  settled,  withdraw 
and  weigh  about  10  grams  of  the  solution,  transfer 
it  to  a  litre  measuring  flask  and  fill  up  to  the  mark. 

Titrate   25  c.c.   of   the   diluted   solution    with  ^  silver 

nitrate  solution.  Express  the  result  in  grams  per  100 
grams  of  water. 

(iii)  Determine  the  Solubility  of  Potassium  Iodide  in 
Ethyl  Alcohol  at  temperatures  from  10°-30°.  Place 
about  15  grams  of  powdered  potassium  iodide  and 
100  c.c.  of  absolute  alcohol  in  a  stoppered  bottle ;  allow 
the  bottle  and  contents  to  stand  in  the  thermostat  for 
15  minutes  before  inserting  the  stopper.  This  is  to 
avoid  pressure,  owing  to  the  vapour  pressure  of  the 
alcohol.  Then  stopper  the  bottle  and  shake  at  a  constant 
temperature  for  5-6  hours.  The  analysis  in  this  case 
may  be  effected  by  evaporating  the  alcohol  on  a  water 
bath  and  drying  the  residue  in  a  steam  oven  for  15—20 
minutes. 

Plot  the  solubilities  obtained  against  the  temperatures, 
and  so  obtain  a  solubility  curve  of  potassium  iodide 
in  alcohol. 


CHAPTER  IX 
VISCOSITY  AND  SURFACE  TENSION 

1.  Viscosity 

WHEN  a  liquid  flows  through  a  tube  its  molecules  do  not 
move  freely  past  one  another,  but  are  retarded  by  a 
frictional  force  termed  viscosity.  If  a  volume  v  of  a 
liquid,  driven  by  a  pressure  p,  flows  through  a  tube  of 
length  I  and  radius  r  in  a  time  t,  then 


^.e.    I  =  --  *— 
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where  v\  is  the  coefficient  of  viscosity.  This  expression  is 
derived  on  the  assumption  that  the  molecules  of  a  liquid 
move  in  straight  lines  parallel  to  the  axis  of  the  tube, 
and  that  the  layer  of  molecules  contiguous  to  the  walls  of 
the  tube  are  motionless,  whilst  those  in  the  centre  have 
the  greatest  velocity.  The  coefficient  of  viscosity  may 
be  defined  as  the  force  necessary  to  move  unit  area  of 
a  liquid  through  unit  distance  over  an  adjacent  layer 
of  the  same  liquid  situated  unit  distance  away.  The 
coefficient  of  viscosity  determined  by  means  of  the  above 
formula,  where  the  various  factors  are  measured  in  C.G.S. 
units,  is  naturally  obtained  in  absolute  units.  The 
absolute  determination  of  r\  is  often  a  tedious  process  and 
liable  to  many  errors,  so  for  this  reason  it  is  usual,  for 
physico-chemical  purposes,  to  determine  the  "  relative  " 
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or  specific  viscosity  of  a  liquid,  using  some  well  defined 
substance,  generally  water  at  25°,  as  the  standard,  and 
comparing  other  liquids  with  it. 

In  calculating  the  coefficient  of  viscosity  from  the 
above  formula,  a  necessary  condition  is  that  the  pressure 
p  shall  be  just  sufficient  to  drive  the  liquid  through 
the  tube,  i.e.  the  liquid  shall  have  zero  velocity  as  it 
leaves  the  tube.  Naturally  this  condition  cannot  be 
fulfilled,  hence  a  correction,  representing  the  kinetic 
energy  of  the  liquid  as  it  leaves  the  tube,  has  to  be 
introduced  into  the  equation,  the  corrected  expression 
reading 

vd 


where  d  is  the  density  of  the  liquid. 

Experimentally,  the  conditions  are  so  chosen  that 
the  correction  factor  becomes  so  small  that  it  may  be 
neglected.  That  this  may  be  so, 
it  is  customary  to  use  long  narrow 
capillary  tubes  for  the  determina- 
tion, and  small  pressures. 

The  apparatus  generally  adopted 
for  the  determination  of  the  coeffi- 
cient of  viscosity  is  the  Pouseuille 
apparatus  as  modified  by  Ostwald. 
It  consists  of  a  fine  capillary  tube 
ab  (Fig.  43)  about  0'25-0*4  mm. 
diameter  and  10-12  cm.  long,  this 
is  fused  at  its  upper  end  to  a  wider 
tube  B,  which  is  blown  into  a  small 
bulb  D  close  to  the  capillary  tube. 
The  bulb  is  of  such  dimensions 
that  its  contents  would  require  at 
least  100  seconds  to  flow  through  the  capillary  tube. 


FIG.  43. 
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The  lower  end  of  the  capillary  tube  is  also  fused  to  a 
wider  tube,  which  is  bent  and  provided  with  a  bulb  C, 
as  indicated  in  the  diagram.  Two  marks  d  and  e  are 
etched  on  the  tube  just  above  and  below  the  bulb  D. 
It  is  essential  that  the  space  between  the  bulb  D  and 
the  capillary  shall  be  perfectly  smooth  and  regular,  and 
that  the  tube  and  joint  at  the  top  of  the  bulb  D  shall 
be  wide  enough  to  prevent  drops  of  liquid  hanging. 

To  carry  out  a  determination,  a  known  volume  of 
liquid  is  introduced  into  C  by  means  of  a  pipette,  this 
is  then  drawn  into  the  bulb  D  so  that  the  upper  level 
of  the  liquid  is  above  the  mark  d,  by  sucking  at  /  or 
blowing  into  the  apparatus  at  g.  The  time  required 
for  the  upper  meniscus  of  the  liquid  to  pass  from  the 
mark  d  to  the  mark  e  is  then  noted  by  means  of  a 
stop-watch.  The  liquid  is  driven  through  the  capillary 
by  its  own  pressure,  which  is  equal  to  h.d.g,  where  h 
is  the  mean  difference  of  height  of  the  liquid  in  the  two 
limbs  of  the  apparatus,  d  is  the  density  and  g  the 
acceleration  due  to  gravity,  hence 


If,  now,  an  equal  volume  of  another  liquid  be  taken,  and 
the  time  required  for  it  to  flow  through  the  capillary  be 
measured  in  the  same  way,  we  shall  have  the  expression 


_ 
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representing  its  coefficient  of  viscosity  ;  or 

tj       dt 
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i.e.  the  coefficients  of  viscosity  of  the  two  liquids  bear 
the  same  relation  to  one  another  as  the  products  of  their 
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densities  and  the  times  of  their  outflow.  If,  now,  v\  be 
taken  as  the  value  of  the  standard  liquid,  then  the 
relative  viscosity  of  the  second  liquid  is  known.  The 
absolute  viscosity  may  be  obtained  by  inserting  the  value 
of  the  absolute  viscosity  of  the  standard  liquid  in  the 
above  equation.  The  absolute  viscosity  of  water  at  25° 
is  8-91  x  10-3,  hence 


The  coefficient  of  viscosity  varies  considerably  with 
temperature,  about  2  per  cent,  per  degree,  hence  all 
determinations  should  be  carried  out  in  a  thermostat. 
For  the  methods  of  determining  absolute  viscosity,  the 
reader  is  referred  to  the  original  paper  of  Thorpe  and 
Rodger  (Phil.  Trans.  185A,  397). 

EXPERIMENTS 

(i)  Determine  the  Specific  Viscosity  of  Alcohol  at  25°. 
Fit  up  a  large  beaker,  2-3  litres  capacity,  as  a  water 
thermostat,  and  arrange  it  by  means  of  a  temperature 
regulator,  so  that  the  temperature  remains  constant  at 
25°.  Clean  and  dry  the  viscosity  tube,  and  fix  it  in 
the  thermostat  so  that  the  upper  mark  is  below  the 
surface  of  the  water.  Then  add  10  c.c.  of  boiled  and 
cooled  distilled  water,  and  allow  to  stand  for  20  minutes, 
so  that  the  tube  and  contents  may  acquire  the  tempera- 
ture of  the  bath.  Attach  a  piece  of  indiarubber  tubing 
to  the  narrower  tube  of  the  apparatus,  and  suck  up  the 
liquid  until  the  upper  meniscus  stands  2-3  cm.  above 
the  higher  graduation  mark  d.  Now  allow  the  water 
to  flow  back  through  the  capillary  tube  into  the  lower 
bulb,  and  measure  the  time  required  for  the  meniscus 
to  pass  from  d  to  e,  by  starting  a  stop-watch  as  it 
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passes  d  and  stopping  it  when  e  is  reached.  Repeat  the 
measurement  several  times,  and  take  the  mean  of  the 
determinations  as  the  value.  The  separate  determina- 
tions should  not  differ  by  more  than  0'2  per  cent,  from 
the  mean  value.  If  a  greater  variation  is  found  in  the 
determinations,  the  capillary  tube  is  either  greasy  or 
choked  by  dust  particles,  which  must  be  removed  before 
the  experiment  can  be  carried  out.  The  apparatus  must 
now  be  emptied  and  dried,  and  10  c.c.  of  pure  ethyl 
alcohol  added.  Place  the  apparatus  back  in  the  thermo- 
stat, and,  proceeding  exactly  as  before,  determine  the 
time  of  outflow  of  the  alcohol. 
From  the  formula 

dJL 


calculate  the  specific  viscosity  of  the  alcohol,  taking  the 
value  of  water  as  unity.  The  density  of  water  at  25° 
=  0-997  and  that  of  absolute  alcohol  =  0'785.  Further, 
from  the  value  of  the  absolute  viscosity  of  water, 
8'91  X  10  ~3,  calculate  the  absolute  viscosity  of  alcohol. 

(ii)  Determine  the  Change  in  Viscosity  by  substituting 
various  groups  for  Hydrogen.  This  experiment  is 
carried  out  exactly  as  the  last.  First  determine  time 
of  outflow  of  water  and  then  of  the  other  substances. 
A  good  series  of  substances  for  this  experiment  is,  ben- 
zene, chlorbenzene,  brombenzeiie,  iodobenzene,  aniline 
and  nitrobenzene.  The  various  substances  must  be 
quite  pure  and  freshly  distilled  before  being  used  for 
the  experiment.  Information  on  the  constitutive  influence 
of  the  various  groups  on  the  viscosity  may  be  found  in 
the  paper  by  Thorpe  and  Rodger  referred  to  above. 
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2.  Surface  Tension 

The  molecules  at  the  surface  of  a  liquid  are  in  a 
different  condition  from  the  molecules  in  any  other  portion 
of  the  liquid,  for  those  situated  in  the  interior  of  a  liquid 
are  subjected,  on  all  sides,  to  the  attractions  of  the  other 
molecules,  whereas  those  at  the  surface  are  only  subjected 
to  these  attractions  on  the  side  which  is  immersed  in  the 
liquid,  the  half  directed  outward  not  being  in  the  liquid, 
is  free  from  these  attractions.  Hence  a  molecule  at  the 
surface  of  a  liquid  is  subjected  to  a  series  of  forces,  the 
resultant  of  which  acts  at  right  angles  to  the  surface,  and 
tends  to  draw  the  molecule  in  question  into  the  interior 
of  the  liquid.  This  force  acting  toward  the  interior  of 
the  liquid  is  termed  the  "  surface  tension."  It  tends  to 
make  the  surface  of  a  liquid  as  small  as  possible,  and 
gives  rise  to  the  phenomena  of  capillarity.  The  surface 
tension  is  defined  as  the  force  which  acts  at  right  angles 
to  the  surface  of  a  liquid,  along  a  line  of  unit  length ; 
it  is  generally  represented  by  the  symbol  y. 

There  are  several  methods  of  determining  the  surface 
tension  of  liquids,  two  of  which  are  made  use  of  for 
physico-chemical  purposes,  viz.  the  measurement  of  the 
rise  of  liquids  in  capillary  tubes,  and  the  determination 
of  the  weight  of  falling  drops  of  liquids. 

When  a  capillary  tube  is  dipped  into  a  liquid,  the 
liquid  will  rise  in  the  tube  to  such  a  height  that  the 
weight  of  the  column  of  liquid  exactly  counterbalances 
the  surface  tension  of  the  liquid.  If  we  assume  that  the 
liquid  makes  an  angle  9  with  the  walls  of  the  tube,  then, 

y  cos  9 .  2?rr  =  Trr^hd, 

where  h  is  the  height  of  the  column  of  liquid  in  the 
capillary  tube,  d  its  destiny,  and  r  the  radius  of  the  tube. 
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If  it  be  assumed  that  the  liquid  wets  the  walls  of  the 
tube,  then  the  value  of  9  becomes  equal  to  zero,  and 


This  expression  does  not  take  account  of  the  weight  of 
the  liquid  forming  the  meniscus  ;  this  may  be  taken  into 
the  calculation  by  increasing  h  by  one-third  of  the 
radius  ;  the  expression  then  becomes 


In  addition  to  y  another  constant  is  often  employed  for 
physico-chemical  purposes,  termed  the  specific  cohesion, 
this  is  symbolised  by  a2,  and  has  the  value 


Since  y  =  \lird,  it  will  be  seen  that  the  specific  cohesion 
is  measured  by  the  height  to  which  a  liquid  will  rise  in  a 
tube  of  unit  radius. 

If  a  liquid  be  allowed  to  flow  through  a  long  narrow 
tube,  it  will  form  a  drop  at  the  open  end,  which  will 
slowly  increase  in  size  to  a  maximum,  and  then  fall  oft'. 
The  drop  falls  when  its  weight  just  exceeds  the  surface 
tension. 

If  W  represents  the  weight  of  the  drop  just  before 
it  falls,  then 

W 


If  a  liquid  be  withdrawn  from  the  action  of  gravity 
by  placing-  it  in  another  liquid  of  the  same  density,  with 
which  it  does  not  mix  or  react,  it  will  assume  a  spherical 
form.  The  surface  area  of  the  sphere  taken  up  by 
one  gram  molecule  of  a  liquid  under  such  conditions  is 
known  as  the  "molecular  surface"  of  the  liquid.  If  it 
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be  assumed  that  the  molecular  volume  of  the  liquid  is 
V,  then  the  molecular  surface  may  be  expressed  by  vl 
If  this  now  be  multiplied  by  the  surface  tension,  an 
expression  yV^  is  obtained  which  is  known  as  the 
"  molecular  surface  energy."  This  quantity  is  generally 
expressed  (Mt>  )$y,  where  M  is  the  molecular  weight  and 
v  the  specific  volume  of  the  liquid.  The  molecular 
surface  energy  decreases  regularly  with  increase  of 
temperature,  and  the  temperature  coefficient  is  the  same 
for  all  non-associated  liquids,  namely,  2'12.  This  value 
is  obviously  equal  to  the  difference  of  the  molecular 
surface  energy  at  two  different  temperatures,  divided  by 
the  difference  of  the  temperatures  : 


and  furnishes  a  method  for  the  determination  of  the 
molecular  weight  of  non-associated  liquid  or  molten 
substances. 

In  many  cases,  however,  the  coefficient  obtained  is 
smaller  than  2*12,  and  a  much  larger  molecular  weight 
must  be  attributed  to  the  liquid  in  order  to  obtain  the 
value  2'12.  If  in  such  a  case  x  represents  the  factor  by 
which  the  molecular  weight  must  be  multiplied  to  give 
the  value  2*12,  then 


whereas 


Dividing  these  two  expressions  we  get 

* 
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where  x  represents  the  mean  association  factor  of  the 
liquid  over  the  temperature  range  tQ  —  tv  i.e.  the  number 
by  which  the  molecular  weight,  representing  the  un- 
associated  molecule,  must  be  multiplied  to  give  the  mean 
molecular  weight  of  the  liquid. 

1.  Method  of  Capillary  Else.  The  apparatus  required 
for  this  method  consists  of  a  stout-walled  capillary  tube 
A  (Fig.  44),  0-2-0-3  mm.  diameter  bore,  and  about  15-20 
cm.  long;  this  is  fastened  by  two  pieces 
of  platinum  wire  to  an  opal  glass  scale 
B  which  is  graduated  in  millimetres. 
The  whole  is  then  placed  in  a  tube  C 
slightly  wider  than  the  scale.  The 
capillary  must  be  quite  vertical ;  this 
is  best  achieved  by  having  the  capillary 
somewhat  longer  than  C,  and  passing 
through  a  cork  which  closes  the  tube 
c  C;  a  second  hole  should  be  bored  in 
the  cork  so  that  atmospheric  pressure 
prevails  in  the  tube.  Before  attaching 
the  capillary  to  the  scale,  it  must  be 
thoroughly  cleaned  by  drawing  a  hot 
chromic  acid  mixture  through  it,  -for 
some  minutes,  by  means  of  a  pump. 
Then  it  must  be  washed  with  distilled 
water  in  the  same  way,  and  finally 
dried  by  drawing  a  stream  of  filtered 
air  through  it.  On  no  account  must 
a  tube,  which  is  to  be  used  for 
surface  tension  determinations,  be 
washed  with  alcohol  or  ether,  for  these  substances 
generally  leave  the  tube  greasy.  Care  must  also  be 
taken  not  to  handle  the  tube  near  the  ends,  or  grease 
will  be  left  on  from  the  fingers,  and  this  coming 


FIG.  44. 
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in  contact  with  the  liquid  will  change  its  surface 
tension. 

Before  commencing  a  determination  of  surface  tension, 
the  bore  of  the  capillary  must  be  examined  to  see  that  it 
is  uniform,  and  then  its  radius  must  be  determined.  The 
former  operation  is  best  carried  out  by  introducing  into 
the  capillary  attached  to  the  scale  a  drop  of  mercury 
which  will  fill  from  3-5  mm.  of  the  tube.  This  is 
moved  from  place  to  place  along  the  tube,  and  its  length 
measured  on  the  scale  in  the  various  places.  If  it  should 
have  markedly  different  lengths  the  tube  must  be  rejected. 
Having  obtained  a  tube  of  uniform  bore,  its  radius  may 
then  be  determined. 

The  most  suitable  method  is  to  fill  the  tube  with 
mercury,  and  then  expel  the  mercury  into  a  tared 
weighing  bottle,  and  weigh  it.  If  I  is  the  length  of  the 
tube  in  millimetres,  w  the  weight  of  the  mercury  in 
milligrams,  t  the  temperature  and  r  the  radius  of  the 
tube,  then 

r  = 

where  O000181  is  the  mean  coefficient  of  cubical 
expansion  of  mercury,  and  13*596  is  its  density.  Three 
determinations  of  the  radius  should  be  made  and  the 
mean  value  used.  The  radius  may  also  be  obtained 
by  taking  a  liquid  of  known  surface  tension,  and,  from 
the  height  it  rises  in  the  tube,  calculating  the  radius 
by  means  of  the  formula 
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EXPERIMENTS 

Determine  the  Surface  Tension  of  Benzene  at  25°. 
Having  cleaned  a  capillary  tube,  examine  its  bore  and 
determine  its  radius  as  indicated  above.  Then  place 
about  5  c.c.  of  benzene  into  the  wide  tube  C  (Fig.  44) 
and  place  it  in  a  thermostat  at  25°.  A  large  beaker  may 
be  used  for  this  purpose.  Place  the  capillary  and  scale 
in  the  tube  and  allow  the  apparatus  to  stand  in  the 
thermostat  for  20  minutes,  i.e.  until  it  has  acquired 
the  temperature  of  the  bath.  Then  attach  a  clean  piece 
of  rubber  tubing  to  the  projecting  end  of  the  capillary 
tube,  and  draw  the  benzene  up  and  down  the  tube 
several  times,  by  alternately  sucking  and  blowing, 
until  the  walls  of  the  capillary  are  thoroughly  wetted. 
It  is  well  to  attach  a  glass  mouth-piece  to  the  rubber 
tube,  which  should  be  filled  with  cotton  wool,  to  prevent 
moisture  and  grease  reaching  the  capillary.  Care  must 
also  be  taken  that  the  benzene  is  not  drawn  into  the 
rubber  tube.  Now  allow  the  benzene  to  rise  in  the 
capillary  until  it  has  come  to  its  equilibrium  point,  then 
read  the  level  of  the  benzene  in  the  tube,  and  also  at 
the  bottom  outside  the  tube,  by  means  of  a  lens.  Repeat 
the  experiment  three  or  four  times,  blowing  the  liquid 
out  of  the  tube  each  time.  A  variation  may  be  made 
by  drawing  the  liquid  higher  up  the  tube  than  its 
equilibrium  point  and  allowing  it  to  fall  to  the  correct 
position.  If  the  readings  differ  by  more  than  0'3  mm. 
the  capillary  is  dirty  and  must  be  cleaned,  and  the 
measurements  repeated.  Calculate  the  result  by  the 
form  ula  y  =  ^hrdg. 

The  density  of  benzene  at  25°  is  0'872. 

(ii)    Determine   the  Association   Factor  for    Water. 
In  this  experiment  the  surface  tension  must  be  deter- 
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mined  at  two  different  temperatures,  which  are  best 
chosen  lying  about  20°  apart.  Calculate  the  association 
factor  from  the  values  obtained,  by  using  the  formulae 


and 


x  = 


The  values  for  vl  and  i>2  are  obtained  from  the  densities 

(Table  II.  Appendix) :  v1  =  -y-  and  V2  =  -j-,  where  d^  and  cZ2 

c&j  d/2 

are  the  densities  of  water  at  t^  and  t2°  respectively. 

2.  Method  of  Falling  Drops.  The  apparatus  for  the 
determination  of  the  surface  tension  by  this  method  is 
made  up  of  two  parts :  (i)  the  dropping  tube,  and  (ii) 
the  pressure  apparatus.  The  former  consists  of  a  tube  A 
(Fig.  45),  bent  twice  at  right  angles  as  in  the  diagram ; 


V~7 


_ F 


FICJ.  45. 


the  vertical  part  of  the  tube  be  is  2-3  mm.  diameter,  and 
has  a  bulb  B  blown  in  it  of  6-8  c.c.  capacity.    This  tube  is 
s.c.  K 


146  PHYSICAL  CHEMISTRY 

carefully  joined  to  a  capillary  tube,  0'2-0'3  mm.  diameter, 
which  forms  the  lower  portion  cd  of  the  dropping  tube. 
The  end  d  is  carefully  pressed  out  so  that  it  has  a 
conical  shape,  and  then  it  is  ground  perfectly  flat.  Two 
marks,  e,  /,  are  etched  on  the  tube,  one  just  above  and 
the  other  just  below  the  bulb  B.  The  dropping  tube  is 
supported  in  a  vessel  F,  which  can  be  kept  at  constant 
temperature.  The  pressure  apparatus  consists  of  a  long 
glass  tube  C,  about  100  cm.  long  and  2  cm.  diameter, 
which  is  connected  to  a  large  inverted  Woullf 's  bottle  D 
of  about  1  litre  capacity,  as  illustrated  in  the  diagram. 
The  second  tubulus  of  the  bottle  is  connected  directly 
with  the  dropping  tube.  By  filling  C  with  water,  a 
constant  air  pressure  can  be  set  up,  which  may  be 
communicated  to  the  dropping  apparatus. 

The  determination  is  carried  out  in  the  following 
manner : 

The  tap  t  is  closed  and  the  tube  C  filled  with  water  up 
to  about  5  cm.  from  the  top,  and  the  position  marked 
by  sticking  a  piece  of  gummed  paper  on  to  the  tube. 
The  tap  h  is  then  opened  and  the  liquid  whose  surface 
tension  is  to  be  measured,  is  drawn  in  through  d  until 
the  tube  is  filled  above  the  higher  mark  e.  This  is  done 
by  means  of  a  water  pump  which  communicates  with 
the  dropping  tube  through  the  tap  h.  When  the  liquid 
has  been  drawn  in,  the  tap  h  is  closed.  Then  the  tap  t 
is  opened  and  the  liquid  in  the  dropping  tube  is  slowly 
expelled  by  the  air  pressure  in  D.  From  the  time  the 
meniscus  passes  e  until  it  reaches  /  the  drops  falling 
from  d  are  counted.  In  this  way  the  number  of  drops 
contained  in  the  volume  between  e  and  /  is  known.  The 
pressure  must  be  so  adjusted  that  the  liquid  drops  at  the 
rate  of  not  more  than  one  drop  in  5-6  seconds.  The 
pressure  must  also  be  kept  constant  during  the  experi- 
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ment  ;  this  is  secured  by  keeping  the  height  of  the  column 
of  water  in  C  constant,  which  can  best  be  done  by 
placing  a  tap  funnel  above  it  so  regulated  that  it  delivers 
water  at  the  same  rate  as  the  water  flows  from  C.  It  is 
important  that  the  temperature  be  kept  constant  during 
the  experiment.  It  is  usual  to  determine,  first  the  num- 
ber of  drops  of  water  contained  in  the  measured  volume, 
and  then  the  number  contained  in  the  same  volume 
of  the  liquid  whose  surface  tension  is  to  be  measured. 
If  n±  and  nz  represent  the  number  of  drops  of  water 
and  the  other  liquid,  respectively,  contained  in  the 
measured  volume,  and  a\  and  a\  their  specific  cohesions, 
and  if  01  and  02  represent  the  angles  which  these  liquids, 
respectively,  make  with  the  walls  of  the  tube,  then 

~      al  cos 
a?  cos  0,  =  -?  ---- 

% 

Since  yl  cos  Q1  =  %  hrd^  and  assuming  that  cos  Ql  =  1  for 
water,  we  have 

2y2cos$2_2y1  7ix 
~ 


If  the  angle  02  is  zero,  then 

n,   d2 

*=  •*£•?• 

If  the  value  of  02  is  unknown,  then  the  factor  y  cos  6  is 
all  that  can  be  determined  by  this  method. 

EXPERIMENT 

Determine  the  Surface  Tension  of  Alcohol  at  25°. 
Carry  out  the  experiment  exactly  as  described.  Clean 
the  dropping  tube,  before  using  it,  with  chromic  acid 
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mixture,  and  make  three  or  four  determinations,  first 
with  water  and  then  with  alcohol.  Freshly  distilled 
alcohol  must  be  used,  and  care  must  be  taken  that  it 
does  not  come  in  contact  with  any  greasy  substance. 
The  flasks  or  vessels  in  which  it  is  contained  should  be 
cleaned  with  chromic  acid  mixture  before  it  comes  in 
contact  with  them.  It  may  be  assumed  in  the  calculation, 
that  the  alcohol  and  water  both  completely  wet  the  tube, 
i.e.  in  both  cases  cos  9  =  1.  The  density  and  surface  ten- 
sion of  water  will  be  found  in  Tables  II.  and  VI. 
Appendix,  respectively,  the  density  of  absolute  alcohol 
at  25°  =  0785. 


CHAPTER  X 
POLARIMETRY 

MANY  organic  liquids  and  solutions  of  organic  solids, 
have  the  property  possessed  by  quartz  crystals  and  other 
mineral  substances  of  rotating  the  plane  of  polarised 
light.  These  substances  are  said  to  be  optically  active. 
Whether  a  substance  is  optically  active  or  not,  may  be 
determined  by  examining  it  between  a  pair  of  Nicol 
prisms. 

When  a  beam  of  light  is  passed  through  a  Nicol  prism, 
it  emerges  with  all  its  vibrations  taking  place  in  one 
plane ;  it  is  then  said  to  be  plane  polarised.  Should  this 
polarised  beam  be  allowed  to  enter  a  second  Nicol  prism, 
it  will  be  found  that  on  rotating  the  second  prism,  the 
light  will  be  allowed  to  pass  through  and  be  com- 
pletely stopped  alternately,  twice  during  the  complete 
revolution  of  the  prism,  i.e.  the  field  observed  in  the 
second  Nicol  prism  will  be  alternately  dark  and  light, 
the  maximum  and  minimum  brightness  occurring  at 
positions  90°  apart.  If  two  Nicol  prisms  be  placed 
with  their  axes  at  right  angles,  i.e.  so  that  the  field 
observed  in  the  second  prism  is  dark,  and  a  tube  con- 
taining an  optically  active  liquid  be  placed  between 
them,  the  field  will  become  light,  due  to  the  rotation 
of  the  polarised  beam  by  the  optically  active  substance. 
The  amount  through  which  the  plane  of  the  polarised 
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beam  has  been  rotated  can  be  determined  by  measuring 
the  angle  through  which  the  second  Nicol  prism  must 
be  rotated  to  make  the  field  dark  again.  When  the 
prism  has  to  be  rotated  to  the  right,  i.e.  clockwise, 
to  produce  a  dark  field,  the  substance  is  said  to  be 
"  dextro-rotatory,"  and  when  it  has  to  be  rotated  to  the 
left,  the  substance  is  termed  "  laevo-rotatory."  From 
what  has  been  already  said,  it  will  be  obvious  that  a 
position  of  darkness  could  be  regained  by  rotating  the 
prism  in  either  direction,  since  there  are  two  positions 
of  darkness  180°  apart.  It  is  customary  to  choose  the 
direction  where  the  angle  through  which  the  prism  must 
be  turned  is  less  than  90°. 

The  angle  of  rotation,  i.e.  the  angle  through  which  the 
plane  of  polarised  light  is  rotated,  is  dependent  on  the 
nature  of  the  substance,  the  length  of  the  column  of 
the  substance  through  which  the  light  has  to  pass,  the 
temperature  at  which  the  observation  is  made,  and  the 
wave  length  of  the  light  used  in  the  determination.  The 
last  factor  makes  it  necessary  to  employ  monochromatic 
light  for  all  polarimetric  determinations. 

The  results  of  polarimetric  determinations  are  expressed 
either  as  the  specific  rotation,  or  the  molecular  rotation, 
and  in  stating  these  quantities  the  temperature  of  obser- 
vation and  the  wave  length  of  the  light  used  must  always 
be  specified. 

The  specific  rotation  is  obtained  by  dividing  the  angle 
through  which  a  column  of  the  substance  rotates  the 
plane  of  polarised  light,  by  the  product  of  the  length  of 
the  column  and  the  density. 


where  [a]  is  the  specific  rotation  or  the  specific  rotatory 
power,  a  is  the  observed  angle,  I  the  length  of  the  column 
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of  liquid  in  decimetres  and  d  the  density  of  the  liquid. 

If  this  value  be  multiplied  by  the  molecular  weight  of 

the  substance,  the  molecular  rotation  is  obtained,  but  as 

the  numbers  obtained  in  this  way  are  so  large,  it  is  usual 

to  call  one-hundredth  of  this  value  the  molecular  rotation, 

r    .,       ma 

W  =  100W' 

where  in  is  the  molecular  weight  and  [m]  the  molecular 
rotation. 

The  measurement  of  [a]  and  [771]  may  also  be  carried 
out  with  solutions  of  optically  active  substances,  if  the 
assumption  be  made  that  the  solvent  has  no  action  on 
the  plane  of  polarised  light.  This  assumption  is  generally 
not  permissible,  but  may  be  made  in  the  case  of  aqueous 
solutions. 

If  w  grams  of  an  optically  active  substance  be  dissolved 
in  v  c.c.  of  the  solvent,  then 

r  -.     av  m     av 

[a]  =  y—    and     [m]  =  ^-^  -  1—  ; 
Iw  100    Iw 

or,  if  the  composition  of  the  solution  is  known  by  weight, 
so  that  w  grams  of  the  active  substance  are  dissolved  in 
100  grams  of  the  solution,  and  d  is  the  density  of  the 
solution,  then 

r  ,     100 .a         j    r    i     ma 

[a]  = jj-    and     [m]  =  — ^ . 

wdl  L    J     wdl 

It  may  be  noted  here  that  organic  substances  which 
rotate  the  plane  of  polarised  light  contain  an  asymmetric 
atom.  The  elements  which  furnish  such  optically  active 
asymmetric  atoms  are  usually  carbon  and  nitrogen, 
although  asymmetric  tin,  silicon  and  sulphur  atoms  have 
been  found  to  furnish  optically  active  compounds.  An 
asymmetric  carbon  atom  is  one  to  which  four  different 
groups  or  atoms  are  attached.  Quite  recently,  however, 
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Pope  and  Perkin  have  discovered  an  optically  active 
compound  which,  although  it  has  no  asymmetric  atom, 
yet  it  has  an  asymmetric  structure. 

The  rotatory  power  of  an  organic  liquid  is  determined 
by  means  of  a  polarimeter,  and,  of  the  many  forms  which 
have  been  constructed,  the  half-shadow  instruments  of 
Lippich  and  Laurent  are  best  suited  to  the  present 
purpose. 

The  Laurent  polarimeter  is  represented  in  diagrammatic 
form  in  Fig.  46,  and  consists  of  two  metal  tubes  A  and  B, 
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FIG.  46. 

which  are  fixed  rigidly  on  a  stand  and  separated  by  a 
space  in  which  the  observation  tube  O,  containing  the 
active  liquid  or  solution,  can  be  placed. 

The  tube  A  carries  a  lens  C  which  renders  the  light 
coming  from  the  source  S  parallel,  the  light  then  passes 
on  to  the  Nicol  prism  D  which  polarises  it ;  this  Nicol  is 
termed  the  polariser.  The  light  then  passes  through  the 
observation  tube  O,  and  into  the  second  tube  B,  which 
has  a  second  Nicol  prism  E,  termed  the  analyser,  and  a 
telescope  FG,  contained  in  its  length.  At  H,  the  opening 
of  the  tube  A  is  half  covered  by  a  semicircular  plate  of 
quartz  d,  cut  of  such  a  thickness  that  the  phase  of 
the  light  passing  through  it  is  changed  by  half  a  wave 
length.  If  the  optical  axis  of  the  quartz  plate  is  parallel 
with  the  plane  of  polarisation,  then  no  effect  will  be 
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observed  in  the  telescope  due  to  half  the  light  passing 
through  the  quartz  plate,  i.e.  the  intensity  of  the  light  in 
both  halves  of  the  field  will  be  the  same.  On  the  other 
hand,  if  the  polariser  is  turned  through  an  angle  8,  then 
that  portion  of  the  light  which  passes  through  the  quartz 
plate  will  be  rotated  by  an  equal  amount  in  the  opposite 
direction,  i.e.  there  will  be  twro  beams  of  polarised  light 
emerging  from  the  tube  A,  whose  planes  are  inclined  at 
an  angle  2$  to  one  another.  On  observing  the  light 
through  the  telescope,  one-half  of  the  field  will  be  dark 
and  the  other  half  light ;  if  the  analyser  be  now  rotated 
the  light  and  dark  halves  will  interchange.  There  is, 
however,  an  intermediate  position  at  which  both  halves 
of  the  field  are  uniformly  illuminated,  and  this  is  the 
position  at  which  all  observations  are  made.  The  angle 
2d  is  termed  the  "half-shadow  angle,"  and  it  can  be 
made  larger  or  smaller  by  rotating  the  polariser.  By 
diminishing  the  half  shadow  angle,  the  sensitiveness  of 
the  instrument  can  be  increased,  but  with  increasing 
sensitiveness  a  difficulty  arises  in  deciding  when  the  field 
is  uniformly  illuminated.  In  practice  it  is  found  that  a 
half -shadow  angle  of  4°-6°  is  most  suitable.  This  ought, 
however,  to  be  fixed  by  the  operator  himself,  so  that  he 
can  decide  when  the  field  is  uniformly  illuminated  with- 
out unduly  straining  the  eye. 

In  many  modern  instruments  the  half  shadow  is  pro- 
duced by  having  a  strip  of  quartz  e  (Fig.  46)  instead  of  a 
semicircle ;  this  divides  up  the  field  into  three  parts,  the 
two  outer  of  which  are  light,  whilst  the  inner  one  is 
dark,  and  vice  versa.  This  arrangement  facilitates  the 
finding  of  the  position  of  equal  illumination.  A  third 
means  of  producing  the  shadow  is  to  use  a  small  circular 
piece  of  quartz  /  (Fig.  46) ;  the  effect  in  this  case  is  to 
produce  a  dark  centre  surrounded  by  a  bright  ring,  or  a 
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black  ring  round  a  bright  centre.  The  Lippich  polari- 
meter  differs  from  the  Laurent  instrument  in  having 
instead  of  the  quartz  plate  a  small  Nicol  prism,  which 
covers  half  of  the  opening  at  the  end  of  the  polariser  tube. 
This  produces  exactly  the  same  effect  as  the  quartz 
plate,  but  it  has  the  advantage  that  it  may  be  used  for 
light  of  any  wave  length,  whereas  the  Laurent  polari- 
ineter  must  always  be  used  with  light  of  the  one  definite 
wave  length  for  which  it  has  been  constructed. 


FIG.  47. 


The  general  outside  appearance  of  the  Laurent  polari- 
meter  is  illustrated  in  Fig.  47.  The  end  S  is  directed 
towards  the  source  of  light,  and  contains  the  lens  for 
rendering  the  beam  parallel,  and  the  light  filter,  which 
consists  usually  of  a  thin  slab  of  potassium  bichromate. 
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The  polariser  is  situated  at  P,  and  is  attached  to  a  small 
lever  h,  by  means  of  which  it  can  be  rotated  and  the  half 
shadow  angle  changed.  The  lever  h  moves  over  a  small 
graduated  scale,  which  indicates  the  amount  the  polariser 
has  been  rotated.  The  observation  tube  is  placed  in  a 
groove  situated  in  the  centre  of  the  apparatus,  and 
protected  from  extraneous  light  by  means  of  a  hinged 
cover.  The  analyser  is  situated  at  A,  and  is  connected 
by  means  of  a  small  lever  to  the  screw  just  below  A,  this 
is  used  for  moving  the  analyser  independently  from  the 
scale,  and  is  used  to  adjust  the  zero  of  the  instrument. 
The  analyser  tube,  containing  the  telescope  F,  is  attached 
to  a  graduated  scale  K,  the  whole  of  which,  together  with 
the  analyser,  can  be  rotated  past  fixed  verniers  n  and  n^ 
by  means  of  a  rack  and  pinion  arrangement  T.  Two 
reading  lenses  I  are  attached  on  a  free  moving  arm,  to 
facilitate  the  reading  of  the  vernier.  In  most  polari- 
meters,  it  will  be  found  that  the  graduated  circle  is 
divided  into  degrees  and  quarters  of  a  degree,  and  the 
vernier  is  divided  into  twenty-five  parts  which  are  equal 
to  twenty-four  of  the  quarter  degree  divisions  of  the 
circle,  so  that  each  division  on  the  vernier  scale  is  equal 
to  0°-01. 

It  has  already  been  noticed  that  monochromatic  light 
must  be  used  for  experiments  on  optical  rotation.  Most 
instruments  of  the  Laurent  type  are  constructed  for  use 
with  sodium  light.  A  steady  sodium  fiame  of  fairly 
constant  intensity  may  be  obtained  in  the  following 
mariner.  An  ordinary  bunsen  burner  provided  with  a 
metal  screen  is  used.  A  small  cage  made  of  platinum 
gauze  is  suspended  by  a  piece  of  stout  platinum  wire 
stretched  across  the  top  of  the  screen,  so  that  the  cage 
just  touches  the  edge  of  the  flame  at  the  height  of  the 
blue  inner  cone.  A  few  pieces  of  fused  sodium  bromide 
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are  placed  in  the  cage,  arid  they  are  replenished  from 
time  to  time.  Another  method  for  producing  an  intense 
sodium  flame  consists  in  allowing  a  bunsen  flame  to  pass 
through  a  hole  in  a  piece  of  asbestos  board ;  near  the  hole 
a  small  heap  of  sodium  chloride  is  placed,  which  must  be 
replenished  from  time  to  time.  The  flame  must  just 
touch  the  edge  of  the  hole,  and  be  so  arranged  that  about 
one-third  of  it  is  above  the  asbestos. 

The  tubes  in  which  the  liquids  are  measured  are  made 
of  stout  glass,  with  accurately  ground  ends ;  thin  circular 
plates  of  glass  serve  to  close  the  ends  of  the  tube. 
These  are  secured  by  metal  screw  caps  and  rubber 
washers.  Fig.  48  illustrates  the  observation  tube. 


FIG.  48. 


These  are  generally  made  in  lengths  which  are  mul- 
tiples of  a  decimetre,  since  this  is  the  unit  of  length 
in  polarimetric  determinations.  The  usual  lengths  are 
0'5,  1  and  2  decimetres.  For  maintaining  constant 
temperature  during  observations,  the  tubes  are  fitted  into 
rectangular  metal  boxes,  which  are  lined  outside  with 
asbestos.  These  can  be  filled  with  water  and  maintained 
at  any  given  temperature.  Another  method  of  maintain- 
ing the  temperature  constant  is  to  enclose  the  tube  in  a 
wider  glass  tube,  and  circulate  water  at  constant  tem- 
perature through  it  by  means  of  two  side  tubes,  after  the 
manner  of  the  outer  jacket  of  a  Liebig  condenser. 
Fig.  49  illustrates  the  two  methods  of  maintaining  the 
temperature  constant.  For  ordinary  purposes,  however, 
the  simple  tube  is  sufficient,  since  specific  rotation  does 
not  vary  much  with  temperature.  Before  making  a 
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measurement  the  polarimeter  must  be  adjusted.     First 
of  all  the  half-shadow  angle  must  be  adjusted  so  that 


FIG.  49. 

the  operator  is  easily  able  to  distinguish  the  position  of 
equal  illumination  of  the  field.  This  being  accomplished, 
and  the  polarising  prism  fixed  in  position,  the  zero  must 
next  be  adjusted,  or,  in  the  case  of  those  instruments 
which  are  unprovided  with  means  of  adjusting  the  zero, 
it  must  be  noted.  To  determine  the  zero  position,  one  of 
the  measuring  tubes  is  filled  with  distilled  water  and 
placed  in  position,  and  the  position  of  equal  illumination 
found  and  noted.  Several  determinations  should  be  made, 
approaching  the  position  from  either  side.  The  analyser 
may  then  be  moved  to  adjust l  the  zero  of  the  scale  to  this 
position,  if  the  instrument  in  question  is  provided  with 

JIt  is  recommended  that  the  analyser  should  not  be  removed,  i.e. 
that  the  zero  should  not  be  adjusted,  for  it  often  happens  that  moving 
the  analyser  by  an  unskilled  person  throws  the  instrument  permanently 
out  of  adjustment. 
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means  of  adjustment,  if  not,  then  all  subsequent  readings 
must  be  corrected  for  the  displacement  of  the  zero,  i.e. 
the  angle  by  which  the  zero  position  is  displaced  from 
the  zero  of  the  scale  must  be  subtracted  from  all  dextro- 
rotations  and  added  to  all  laevo-rotations  measured. 
The  source  of  illumination  should  be  placed  at  a  distance 
of  4  to  6  inches  from  the  apparatus. 

EXPERIMENTS 

(i)  Determine  the  Specific  Rotation  and  the  Molecular 
Rotation  of  Turpentine.  Having  adjusted  the  polari- 
meter  and  determined  or  adjusted  the  zero,  fill  a  measur- 
ing tube  with  turpentine.  The  tube  when  filled  must 
have  no  air  bubbles  in  it ;  this  is  best  accomplished  by 
screwing  on  one  of  the  glass  plates,  taking  care  not  to 
strain  the  glass  by  screwing  too  tightly,  then  fill  the 
tube  to  overflowing  and  slide  on  the  other  plate,  and 
then,  keeping  the  tube  still  in  a  vertical  position,  screw 
on  the  metal  cap,  again  taking  care  not  to  screw  too 
tightly.  Clean  the  ends  of  the  tube  and  measure  the 
angle  of  rotation  as  described  above.  The  results  must 
be  given  expressing  the  temperature  of  observation  and 
the  wave  length  of  the  light  used,  thus  [a]eD,  [m]*D.  Before 
the  result  can  be  calculated,  the  density  of  turpentine 
at  the  temperature  of  the  experiment  must  be  determined. 
For  method  of  determining  this,  see  Chapter  V. 

(ii)  Determine  the  Specific  Rotation  of  Tartaric  Acid 
at  20°.  Make  up  a  solution  of  tartaric  acid  of  about 
10  per  cent,  strength,  by  weighing  out  to  the  nearest 
milligram  about  10  grams  of  tartaric  acid,  and  making 
it  up  to  100  c.c.  of  solution  in  water.  Fill  a  measuring 
tube  and  determine  the  rotation.  The  density  of  tartaric 
acid  solution  at  20°  is  given  in  the  following  table, 
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By  drawing  a  curve  of  the  density  and  concentration, 
the  density  of  the  solution  used  may  be  obtained  by 
interpolation. 


Weight  of  Tartaric  Acid 
per  100  c.c.  Solution. 

* 

2070 

1-0978 

16-06 

1-0747 

10-89 

1-0491 

5-09 

1-0215 

2-01 

1-0074 

CHAPTER  XI 
SPECTROSCOPY 

1.  Emission  Spectra.  When  a  beam  of  white  light, 
from  an  incandescent  solid,  is  allowed  to  pass  through 
a  glass  prism,  and  the  emerging  beam  is  examined, 
it  is  found  to  consist  of  a  continuous  band  of  coloured 
light  ranging  from  violet  to  red.  If,  instead  of  a  beam 
of  white  light,  from  an  incandescent  solid,  the  light 
emitted  by  an  incandescent  gas  or  vapour  be  substi- 
tuted, the  emergent  beam  will  be  found  to  consist  of  a 
few  differently  coloured  lines  or  bands  isolated  from  one 
another  by  dark  spaces.  These  bands  or  lines  constitute 
the  spectrum  of  the  substance  emitting  the  light,  and 
they  are  characteristic  of  that  substance  both  as  regards 
number  and  colour.  They  have  perfectly  defined  posi- 
tions with  respect  to  one  another,  i.e.  they  have  definite 
wave  lengths,  which  are  not  influenced  in  any  way  by 
the  presence  of  lines  due  to  other  substances.  It  be- 
comes possible,  therefore,  from  the  position  of  the  lines 
emitted  by  an  unknown  substance,  to  specify  its  nature, 
and,  as  will  be  seen  later,  it  is  not  only  possible  to 
determine  the  nature  of  the  substance  emitting  the  light, 
but  also,  in  the  case  of  organic  compounds,  by  a  slight 
modification  of  the  process,  to  draw  conclusions  about 
the  constitution  of  the  molecule  of  organic  substances. 
It  is  the  usual  practice  in  spectroscopic  determinations 
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not  to  make  a  measurement  of  the  actual  wave  length 
of  the  various  lines,  but  to  obtain  this  either  by  com- 
parison with  lines  of  known  wave  length  or  by  inter- 
polation on  curves  prepared  for  the  instrument  being 
used. 

The  apparatus  used  for  examining  the  light  emitted 
by  incandescent  substances  is  termed  a  spectrometer. 
Fig.  50  shows  a  simple  form,  it  consists  of  a  metal  tube 
C,  termed  the  collimator,  which  carries  a  slit  S  at  one 
end ;  this  is  adjustable  and  serves  to  admit  a  narrow  band 
of  light.  At  the  other  end  of  the  collimator  there  is 


FIG.  50. 


fixed  a  lens  I,  which  serves  to  render  parallel  the  beam 
of  light  admitted  by  S.  The  collimator  is  fixed  to  a 
circular  table  T,  which  is  graduated  in  degrees  and  thirds 
of  a  degree.  A  telescope  F  is  also  attached  to  the  table, 
but  in  such  a  way  that  it  may  be  rotated  about  the  table. 
Attached  to  the  telescope  is  a  vernier  divided  into 
divisions  which  are  of  such  a  size  that  twenty  are  equal 
to  nineteen  of  the  smaller  divisions  on  the  table,  i.e.  one 
division  is  equal  to  1'  of  arc.  The  vernier  slides  above 
the  table  as  the  telescope  is  moved  round.  Between  the 
collimator  and  the  telescope,  on  a  raised  movable  plat- 
form, a  heavy  glass  prism  P  is  placed.  In  larger  instru- 
ments, for  the  purpose  of  obtaining  greater  dispersion, 
s.c.  L 


162  PHYSICAL  CHEMISTRY 

two  or  more  prisms  are  used,  which  are  so  arranged 
round  the  graduated  circle  that  the  light  passes  through 
them  successively.  A  spectrometer  must  always  be 
adjusted  before  use.  To  do  this  the  telescope  is  un- 
screwed and  removed  from  its  support,  and  the  cross 
wires  are  brought  into  sharp  focus  by  moving  the  eye- 
piece. Then  the  telescope  is  directed  toward  some 
distant  object,  e.g.  telegraph  wires,  and  these  are 
brought  into  focus  by  moving  the  tube  containing  the 
eye-piece  and  cross  wires.  By  this  means  the  telescope  is 
focussed  for  parallel  rays,  i.e.  for  light  proceeding  from 
infinity,  and,  if  the  focussing  has  been  correctly  carried 
out,  the  cross  wires  and  the  distant  object  should  not 
show  any  relative  displacement  when  the  eye  is  moved 
across  the  eye-piece.  The  telescope  is  then  replaced  in  its 
holder  and  brought  into  such  a  position  that  its  axis  is  in 
the  same  straight  line  with  that  of  the  collimator,  the 
prism  having  been  removed.  The  slit  is  then  adjusted 
so  that  its  image  seen  in  the  telescope  is  perfectly  sharp. 
This  is  done  by  moving  the  slit  with  reference  to  its 
distance  from  the  collimator  lens.  When  the  image  is 
quite  sharp,  the  light  entering  the  telescope  is  known  to 
be  parallel,  since  the  telescope  has  been  adjusted  for 
parallel  light.  The  prism  is  now  replaced  with  its  re- 
fracting edge  parallel  to  the  slit,  and  the  slit  is  illu- 
minated with  a  sodium  flame  placed  three  to  four  inches 
away.  The  prism  and  space  between  the  collimator  and 
telescope  are  covered  by  a  black  cloth,  to  cut  off  all 
extraneous  light,  and  the  telescope  is  moved  round  the 
scale  until  a  yellow  image  of  the  slit  occupies  the  middle 
of  the  field.  The  prism  is  then  slowly  rotated,  and  the 
image  of  the  slit  observed  through  the  telescope.  The 
image  will  be  seen  to  advance  slowly  across  the  field  up 
to  a  certain  point,  at  which  it  commences  to  retrace  its 
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path.  This  position  is  carefully  ascertained,  and  the 
prism  fixed  when  the  image  of  the  slit  occupies  this 
stationary  place.  This  is  the  position  of  minimum 
deviation  of  the  prism,  and  the  one  which  the  prism 
must  have  in  all  determinations. 

Having  adjusted  the  instrument  in  the  way  described, 
a  curve  or  map  may  be  constructed,  by  means  of  which 
the  wave  lengths  of  the  lines  of  unknown  substances 

o 

may  be  determined. 

To  do  this,  the  slit  is  illuminated  with  the  light  from 
a  known  incandescent  vapour,  and,  on  observing  the 
spectrum  through  the  telescope,  the  lines  of  this  par- 
ticular substance  will  be  seen.  These  must  be  measured 
one  by  one;  the  telescope  is  moved  so  that  the  inter- 
section of  the  cross  wires  coincides  with  a  given  line,  and 
then  it  is  clamped  and  the  angular  deviation  is  read  off, 
the  other  lines  are  then  treated  in  the  same  way. 
When  some  ten  or  fifteen  lines,  covering  the  whole 
range  of  the  visible  spectrum,  have  been  measured  in 
this  way,  the  angular  readings  are  plotted  as  abscissae 
against  the  corresponding  wave  lengths  as  ordinates, 
and  a  smooth  curve  is  drawn  through  them.  If,  now, 
the  light  of  an  unknown  substance  be  observed  in  the 
spectrometer  from  the  angular  deviations  of  its  various 
lines,  the  wave  lengths  may  be  obtained  by  means  of 
the  curve,  and,  by  use  of  a  table  of  wave  lengths,  the 
nature  of  the  unknown  substance  determined.  In  mak- 
ing such  a  calibration  curve,  only  strong  and  well  defined 
lines  should  be  used.  Collie  has  shown  (Proc.  Roy.  Soc. 
71,  25,  1902)  that  if  hydrogen  and  helium  are  mixed 
with  a  little  mercury  vapour  in  a  vacuum  tube,  a 
number  of  the  mercury  lines  are  strengthened,  and  he 
recommends  the  use  of  such  a  tube  for  the  preparation 
of  a  calibration  curve. 
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Failing  a  tube  of  this  nature,  the  lines  of  hydrogen 
and  helium  should  be  used  to  make  the  curve.  A  curve 
produced  in  this  manner  is  only  of  use  for  the  instrument 
with  which  it  has  been  constructed,  and  must  not  be 
used  for  any  other.  In  making  measurements,  care  must 
be  especially  taken  not  to  apply  any  pressure  to  the 
telescope,  for  this  may  change  the  relative  position  of 
the  cross  wires  to  the  rest  of  the  instrument,  and  so 
produce  errors  in  the  angular  deviation.  Below  is  given 
a  list  of  the  principal  lines  seen  in  a  Collie  tube. 


Element. 

Colour  of  Line. 

Wave  Length  in 
Angstrom  Units=10~7  mm. 

Helium,    - 

Eed 

7065-5 

Helium,    - 

Eed 

6678-4 

Hydrogen, 

Ked 

6563-0 

Mercury,  - 

Orange 

6152-0 

Helium,    - 

Yellow 

5875-9 

Mercury,  - 

Yellow 

5790-5 

Mercury,  - 

Yellow 

5767-5 

Mercury,  -        - 

Green 

5461-0 

Helium,    - 

Green 

5015-7 

Helium,    - 

Green 

4922-0 

Hydrogen, 

Blue 

4861-5 

Helium,    - 

Blue 

4713-3 

Helium,    - 

Violet 

4471-6 

Mercury,  - 

Violet 

4358-6 

Hydrogen, 

Violet 

43407 

Instead  of  using  an  angular  deviation  calibration 
curve,  a  fixed  scale  may  be  employed.  This  is  contained 
in  a  third  tube  H  (Fig.  51),  which  is  fixed  to  the  spectro- 
meter table  in  such  a  position  that  the  image  of  the 
scale,  illuminated  by  a  small  electric  lamp,  is  reflected 
from  the  face  of  the  prism  into  the  telescope,  and  appears 
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superposed  upon  the  lines.  The  illumination  of  the  scale 
should  not  be  very  strong,  or  otherwise  weak  spectrum 
lines  will  be  rendered  invisible ;  the  illumination  may  be 
varied  by  altering  the  distance  of  the  lamp  from  the  scale. 
The  scale  is  adjusted  by  illuminating  the  spectrometer 
slit  with  a  sodium  flame,  and  bringing  the  sodium  line 
well  into  the  middle  of  the  field.  Then  the  scale  is  sharply 
focussed,  and  the  telescope  fixed  so  that  the  sodium  line 
is  in  the  middle  of  the  scale.  A  series  of  lines  of  known 
wave  length,  covering  the  whole  of  the  visible  spectrum, 
is  measured  in  scale  divisions.  The  scale  divisions  are 


Flo.  51. 


then  plotted  as  abscissae  against  the  wave  lengths  as 
ordinates,  and  a  smooth  curve  is  drawn  through  the 
points  as  in  the  last  case.  The  same  series  of  hydrogen, 
helium  and  mercury  lines  may  be  used,  but  generally 
the  former  method  of  calibration  is  more  accurate  than 
this  one,  and  is  to  be  preferred. 

EXPERIMENT 

Determine  the  Metals  contained  in  a  Given  Mixture. 
Before  commencing  the  analysis  of  the  mixtures,  a  curve 
must  be  prepared  by  one  of  the  above  methods.  The 
mixtures  for  analysis  are  introduced  into  a  bunsen  flame 
in  a  small  platinum  cage,  similar  to  that  described  in  the 
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production  of  a  sodium  flame  (Chap.  X.).  Generally  the 
light  emitted  by  these  substances  is  of  an  evanescent 
nature,  but  it  may  be  revived  by  moistening  with  hydro- 
chloric acid.  An  alternative  method  of  procedure  is  to 
make  a  solution  of  the  mixture,  and  lead  it  from  a  glass 
tube  into  the  flame  by  means  of  an  asbestos  fibre.  The 
deviation  of  each  of  the  lines  must  then  be  carefully 
measured,  and  their  wave  lengths  interpolated  from  the 
curve  which  has  already  been  prepared.  A  list  of  the 
wave  lengths  of  the  lines  of  the  metals  which  can  be 
obtained  from  a  bunsen  flame,  is  given  in  Table  VII. 
Appendix,  and,  by  comparing  the  wave  lengths  measured 
with  these,  the  metals  present  in  the  mixture  can  be 
identified.  It  is  not  necessary  to  get  every  line  of  the 
spectrum  of  a  given  element  to  identify  it,  one  alone 
will  suffice,  particularly  if  it  is  one  of  the  characteristic 
lines,  but  it  is  always  better  not  to  rely  on  one  line  in 
a  mixture  of  substances. 

Mixtures  of  salts  of  three  or  four  of  the  following 
metals  should  be  used  for  analysis:  sodium,  potassium, 
lithium,  rubidium,  caesium,  copper,  thallium,  calcium, 
barium,  strontium  and  indium. 

The  spectra  of  other  metals  are  obtained  by  volatilising 
the  salts  by  means  of  a  stream  of  electric  sparks.  For 
information  on  this  subject  the  reader  is  referred  to 
works  on  Spectroscopy. 

2.  Absorption  Spectra.  When  a  beam  of  white  light, 
which  has  passed  through  a  coloured  solution,  e.g.  dilute 
potassium  permanganate  solution,  is  examined  in  a 
spectroscope,  a  continuous  spectrum  is  obtained  which 
is  crossed  by  a  number  of  dark  bands.  A  portion  of 
the  light  has  been  absorbed  in  its  passage  through 
the  solution.  Such  a  spectrum  is  termed  an  "  absorption 
spectrum."  If,  instead  of  passing  white  light  through 
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a  solution,  it  is  passed  through  an  incandescent  vapour 
or  gas,  a  spectrum  will  be  obtained  which  is  crossed 
by  a  number  of  black  lines  termed  "  Fraunhof  er  "  lines. 
These  lines  occupy  the  same  positions  as  the  correspond- 
ing bright  lines  of  the  emission  spectrum  of  the  gas. 
Hence  the  absorption  spectrum  is  just  as  characteristic 
of  a  substance  as  its  emission  spectrum,  and  it  is  due, 
in  the  same  way  as  the  emission  spectrum,  to  the  vibra- 
tions of  the  atoms  or  molecules,  or  both,  of  that  substance. 
Hence  it  is  obvious  that  a  careful  study  of  the  absorption 
spectra  of  liquids  and  solutions  may  lead  to  valuable 
information  with  regard  to  their  constitution.  A  great 
deal  of  work  has  been  done  on  this  subject  by  Hartley, 
Baly  and  others,  who  have  shown  abundantly,  that  a 
study  of  the  absorption  spectra  of  organic  substances 
leads  to  clear  and  definite  information  on  their  constitu- 
tion. They  have  shown  in  the  first  place,  that  the 
absorption  spectra  of  similarly  constituted  substances, 
particularly  in  the  ultra-violet  region,  are  similar  in 
character.  Hence  the  absorption  spectrum  can  settle 
the  constitutions  of  substances  in  doubtful  cases.  This 
will  probably  be  clearer  if  a  definite  case  is  considered. 
Purely  chemical  evidence  leaves  a  doubt  as  to  whether 
isatin  has  a  constitution  represented  by 

C0  /C0 

),    or  by    C6H4 


i.e.  whether  it  is  the  lactam  or  the  lactime  of  ortho- 
amido-phenyl-glyoxylic  acid.  Isatin  gives  rise  to  two 
methyl  ethers  whose  constitutions  are  perfectly  well 

/CO, 
known,  viz.  the  N-ether  C6H4<f  ^>CO  and  the  O-ether 

/CO  X  N-CH3 

C6H4<^      ^COCH3.     The    N-ether    is    similarly    con- 
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stituted  to  the  lactam  of  ortho-amido-phenyl-g]yoxylic 
acid,  and  the  0-etlier  to  the  lactime.  Hence,  if  the 
ultra-violet  absorption  spectra  of  solutions  of  the  two 
ethers  and  of  isatin  itself  be  examined,  one  or  other 
of  the  ethers  should  have  an  absorption  spectrum 
similar  in  character  to  that  of  isatin.  Hartley  carried 
out  this  investigation  and  found  that  the  N-ether  and 
isatin  had  similar  absorption  spectra,  whilst  that  of  the 
O-ether  was  entirely  different.  Hence,  since  similarly 
constituted  compounds  have  similar  absorption  spectra, 
it  follows  that  isatin  is  the  lactam  of  ortho-amido-phenyl- 
glyoxylic  acid,  i.e.  it  has  the  constitution  expressed  by 

/ 

C6H4\ 

\ 

Experimental  details  for  obtaining  Absorption  Spectra.  The 
source  of  light  to  be  used  in  such  determinations  must 
be  very  rich  in  ultra-violet  rays,  and  on  this  account, 
Hartley  makes  use  of  the  light  from  electric  sparks 
passing  between  electrodes  of  a  cadmium,  tin,  lead  alloy, 
whilst  Baly  uses  the  light  from  an  arc  passing  between 
iron  pencils.  The  latter  method  is  the  easier  to 
manipulate,  and  gives  a  more  intense  light,  and  for 
these  reasons  is  to  be  recommended.  The  measurement 
of  ultra-violet  absorption  spectra  cannot  be  carried 
out  by  means  of  an  ordinary  spectrometer  for  two 
reasons :  (1)  ultra-violet  rays  are  invisible,  and  con- 
sequently the  eye  is  useless  in  such  determinations  for 
directly  reading  off  the  position  of  the  absorption  bands ; 
and  (2)  ultra-violet  rays  are  largely  absorbed  by  glass. 
The  first  of  these  difficulties  may  be  overcome  by  the  aid 
of  photography,  since  the  ultra-violet  light  entering  the 
telescope  may  be  photographed  on  specially  sensitised 
plates,  and  the  second  difficulty  is  overcome  by  using 
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a  spectrometer  with  prisms  and  lenses  of  quartz,  or 
better,  fluorite,  both  of  which  allow  ultra-violet  rays 
to  pass  through  them,  the  former  down  to  wave  lengths 
of  248  JUL/UL  and  the  latter  to  185  /ULJUL.  The  apparatus 
employed  for  photographing  ultra-violet  spectra  is  termed 
a  spectrograph,  and  is  illustrated  in  Fig.  52.  It  consists 
of  a  spectrometer  fitted  with  quartz  lenses  and  a  quartz 
prism,  but  differs  from  the  ordinary  spectrometer  in 
having  a  photographic  attachment  instead  of  an  eye- 
piece. These  instruments  are  constructed  so  that  the 
whole  of  the  spectrum  from  200  JULJU.  to  800  /*//,  is  focussed 
on  to  the  plate  in  the  dark  slide,  and  hence  it  becomes 
unnecessary  for  either  tube  of  the  instrument  to  be 
movable.  The  photographic  part  of  the  apparatus 
explains  itself  in  the  diagram.  The  dark  slide  holder 
is  constructed  so  that  only  a  narrow  horizontal  strip 
of  the  plate,  as  wide  as  the  spectrum,  is  exposed,  thus 
making  it  possible,  by  lowering  the  dark  slide,  to  take 
a  series  of  photographs  on  one  plate.  The  graduated 
scale  on  the  slide  holder  is  to  allow  the  movement  of  the 
plate  to  be  done  accurately,  and  to  prevent  the  over- 
lapping of  the  spectra.  Scales  of  wave  lengths  are 
supplied  by  the  makers  with  spectrographs  of  this  type, 
and  as  these  are  photographed  on  glass,  the  wave 
lengths  of  any  lines  or  bands  may  be  directly  read  off 
by  laying  the  scale  over  the  experimental  photograph. 
A  spectrograph  may  obviously  be  used  for  photographing 
an  emission  spectrum,  by  illuminating  the  slit  in  the 
ordinary  way  and  exposing  the  plate.  The  time  of 
exposure  can  only  be  determined  by  experiment,  and 
depends  much  on  the  instrument.  As  a  rough  guide  the 
following  figures,  given  by  the  makers  of  the  instrument 
illustrated  in  Fig.  52,  may  be  used.  Using  Lumiere 
ordinary  plates,  and  an  iron  arc  as  the  source  of  light, 
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about  3  seconds  exposure  will  be  sufficient;  with  a  cad- 
mium spark  illumination  45  seconds,  and  with  a  hydrogen 
end-on  tube  about  1 J  minutes.  Longer  exposures  will  be 
required  for  vacuum  tubes  of  the  ordinary  types,  and 
for  spectra  in  the  red  end,  specially  sensitised  plates 
and  long  exposures  are  necessary. 


Fio.  52. 

Absorption  spectra  for  general  purposes,  are  determined 
similarly  to  emission  spectra,  by  allowing  light,  generally 
from  an  iron  arc,  to  enter  the  slit  of  the  spectrometer 
after  it  has  passed  through  the  liquid  or  gas  whose 
absorption  spectrum  is  to  be  determined.  Absorption 
spectra,  which  are  to  be  used  for  determining  the 
structure  of  organic  substances  are,  however,  obtained 
in  a  somewhat  different  manner. 
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In  this  case  it  is  not  only  the  number  and  position  of 
the  absorption  bands  which  have  to  be  taken  into  con- 
sideration, but  also  the  persistence  of  the  bands  with 
dilution  of  the  solution  containing  the  substance  through 
which  the  light  passes.  Hence,  to  make  an  examination 
of  the  absorption  spectrum  of  an  organic  substance,  with 
the  object  of  gaining  insight  into  its  constitution,  it  is 
necessary  to  photograph  the  absorption  spectra  of  a 
large  number  of  increasingly  dilute  solutions  of  the 
substance,  until  complete  transmission  of  the  light  is 


— 


FIG.  53. 


obtained.  This  method  of  treating  the  absorption  spectra 
is  due  to  Hartley,  as  also  is  the  method  of  expressing 
the  results  of  the  experiments.  A  slightly  modified  and 
improved  method  of  expression  due  to  Baly  and  Desch 
(J.C.8.  85,  1039,  1904)  will  be  described  here.  The  wave 
lengths  of  the  absorption  bands  are  plotted  as  abscissae 
against  the  logarithms  of  the  relative  thicknesses  of  the 
solution  as  ordinates.  When  complete  transmission  is 
obtained,  the  points  are  connected  up,  and  an  undulating 
curve  is  obtained,  in  which  the  space  in  each  hollow 
represents  the  region  of  an  absorption  band  together 
with  its  persistence  on  dilution. 
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The  variation  of  the  thickness  of  the  layer  of  the 
liquid  is  best  effected  by  the  Baly  absorption  tube 
(Fig.  53).  It  consists  of  two  glass  tubes  which  tit  loosely 
inside  one  another.  The  ends  of  these  are  closed  by 
quartz  plates  which  are  cemented  on.  The  outer  tube 
is  fitted  with  a  small  bulb  funnel,  and  is  carefully 
graduated  in  millimetres.  The  apparatus  is  made  water- 
tight by  a  piece  of  rubber  tubing,  which  allows  the  inner 
tube  to  be  drawn  out  when  the  length  of  the  column  of 
liquid  is  to  be  varied.  For  further  details  on  this 
subject,  the  reader  is  referred  to  the  original  papers 
of  Baly  and  Desch,  and  to  text-books  on  Spectroscopy. 


CHAPTER  XII 
EEFEACTIVITY 

WHEN  an  oblique  ray  of  light  passes  from  one  trans- 
parent medium  to  another,  it  does  not  continue  its  path 
in  the  same  straight  line,  but  is  bent  or  refracted.  If 
the  second  medium  is  denser  than  the  first,  then  the 

ray    of    light,    on    entering 

the  second  medium,  will  be 
bent  toward  the  normal,  and 

if,  on   the   other   hand,  the     

first  medium  is  the  denser, 
the  ray  will  be  bent  away 
from  the  normal.  Thus,  if  — 


B 


in  Fig.  54  the  medium  A  is  Fia  54' 

the  less  dense,  then  a  beam  of  light  will  follow  the 
path  indicated  in  the  diagram;  and  if  i  represent  the 
angle  of  incidence,  and  r  the  angle  of  refraction,  ^ 
the  index  of  refraction  of  the  medium  A,  and  ju,2  that 
of  B,  then  the  ratio  between  the  coefficients  of  refraction 
in  the  two  media  will  be  given  by  the  expression 

sin  i_iu.l 

sin  r     /i2* 

The  angle  of  refraction  will  increase  as  the  angle  of 
incidence  is  increased,  until  the  angle  of  incidence  is  90°, 
i.e,  sini=\.  When  this  is  the  case 
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Since  light  of  different  wave  lengths  is  refracted 
differently,  the  determination  of  the  value  of  ju,  is  usually 
carried  out  with  monochromatic  light,  and  the  wave 
length  of  the  light  employed  is  always  stated  with  the 
experimental  results. 

In  physical  chemistry  the  refractive  indices  of  liquids 
have  often  to  be  determined.  The  measurements  are 
made  by  means  of  the  principle  stated  above,  where  the 
liquid  in  question  constitutes  one  medium,  generally  the 
less  dense,  and  a  dense  right-angled  glass  prism  of 


FIG.  55, 

known  refractive  index,  greater  than  that  of  the  liquid, 
the  other.  The  liquid  B  (Fig.  55)  is  placed  in  a  glass 
cell,  which  is  cemented  on  to  the  top  of  the  heavy  glass 
prism  C.  A  beam  of  monochromatic  light,  focussed  on 
to  the  liquid,  will  pass  into  the  prism  and  be  refracted  as 
indicated  in  the  diagram,  and  as  it  emerges  from  the 
prism  it  will  be  received  into  a  telescope,  by  means  of 
which  the  angle  at  which  it  emerges  from  the  prism  can 
be  measured. 

If  the  ray  with  largest  incident  angle  to  enter  the 
prism,  i.e.  90°,  be  considered,  this  ray  will  be  the  one 
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which  sharply  marks  off  the  dark  region  from  the  light 
region,  and  is  the  one  used  for  all  determinations  of 
refractive  index. 

For  this  ray,  since       sin  i  —  \y 

sin  r  =  —, 

Mi 

where  /*2  and  ^  are  the  indices  of  refraction  of  the  liquid 
and  the  prism  respectively.     This  beam  further  leaves 
the  prism  at  an  angle  i'  and  travels  on  in  the  air  at  an 
angle  i.     For  this,  the  expression 
sini 


since  the  refractive  index  of  air  is  unity.  Combining  these 
expressions,  the  equation  /m2  =  *J/ui2i  —  sin2i  is  obtained. 

The  value  of  ^  is  that  of  the  prism,  and  will  be 
provided  with  the  instrument  by  the  makers,  further, 
tables  giving  the  value  of  the  expression  v/x^  —  sin2i 
for  various  values  of  i,  are  also  generally  supplied  along 
with  the  refractometer,  so  that  the  value  of  /x2  is 
directly  obtained  from  the  tables  by  looking  up  the 
value  of  'Jf^  —  sin^i  for  the  measured  value  of  i. 

Although  the  refractive  index  must  always  first  be 
determined,  yet  it  is  comparatively  little  used  for  physico- 
chemical  purposes,  two  derived  functions,  the  Specific 
Refractivity  and  the  Molecular  Refractivity  ,  being  more 
generally  employed.  These  functions  have  an  additional 
advantage,  for  whereas  the  refractive  index  varies  some- 
what with  temperature,  they  are  practically  constant. 

There  are  two  expressions  for  the  specific  refractivity  : 

the  first,  due  to  Gladstone  and  Dale,  is  R=          ,  and 

(if 

the  second,  due  to  Lorentz  and  Lorenz,  is  Rx  =  ^  —  ^  •  -,  ; 

u,  ~r  2t   cu 
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and   corresponding   to   these    there    are    similarly    two 
expressions  for  the  molecular  refractivity : 


and 


where  R  and  R±  represent  the  specific  refractivities, 
M  and  M1  the  molecular  refractivities,  m  the  molecular 
weight  and  d  the  density  of  the  substance  in  question. 

The  measurement  of  the  refractive  index,  as  has 
already  been  stated,  must  be  carried  out  with  mono- 
chromatic light.  For  this  purpose  the  sodium  flame, 
or  the  light  from  a  vacuum  tube  containing  hydrogen, 
is  generally  used.  In  the  case  of  hydrogen  light,  the 
red  line  (C)  or  the  blue  line  (F)  is  used  in  the 
measurement.  Occasionally  the  thallium  or  the  lithium 
flame  is  employed.  If  the  thallium  flame  be  used,  it  is 
necessary  that  it  should  be  placed  under  a  hood,  or 
so  arranged  that  the  poisonous  vapours  of  the  thallium 
compound  are  removed.  This  is  easily  accomplished 
by  supporting  a  large  inverted  funnel  over  the  flame 
at  a  height  of  about  6-8  inches  from  the  flame.  The 
funnel  is  then  connected  to  a  wat|^  pump,  and  the 
fumes  are  drawn  away  with  the  air  current  which  is 
thus  generated. 

The  light  used  in  the  experiments  must  be  as  intensive 
as  possible.  The  flames  of  sodium,  lithium  and  thallium 
may  be  obtained  as  described  in  Chapter  X.  The 
hydrogen  light  is  best  obtained  from  an  "end-on" 
vacuum  tube  (see  Fig.  56).  This  type  of  Geissler  tube 
gives  the  intensity  of  illumination  which  is  so  often 
lacking  when  ordinary  straight  vacuum  tubes  are  used. 
The  measurements  are  generally  carried  out  by  means 
of  a  Pulfrich  refractometer  (Fig.  56).  This  consists 
of  a  heavy  glass  prism  L  surrounded  on  all  sides  but 
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the   one   nearest   to   the   telescope    by   a  metal  jacket, 
and  which  carries  on  its  upper  side,  the  glass  cell  into 


FIG.  56. 


which    the    liquid    under    observation    is    placed.     The 
prism  is  in  such  a  position  that  the  light  which  emerges 
s.c,  M 
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from  it  enters  the  telescope  EF  by  means  of  the  slit 
b,  and  is  reflected  along  the  axis  of  the  telescope. 
The  telescope  is  fixed  to  a  graduated  circle  D,  which 
is  divided  into  degrees  and  half  degrees,  and  fitted 
with  a  vernier  reading  minutes  of  arc.  The  slit  of 
the  telescope  may  be  entirely  closed 
by  rotating  the  cap  F,  and  half  closed 
by  rotating  F  to  one  of  the  inter- 
mediate positions  which  are  marked 
by  grooves.  For  ordinary  work  the 
slit  must  be  kept  fully  open,  the  half- 
open  positions  only  being  used  when 
working  with  a  divided  cell.  The 
micrometer  screw  G  is  for  use  in  the 
fine  adjustment  of  the  cross  wires,  and 
also  for  measuring  the  dispersion.  The 
hollow  metal  box  L,  together  with  the 
metal  tubes  SR  and  their  connecting 
rubber  tubing,  is  the  heating  arrange- 
ment for  maintaining  the  prism  and 
the  liquid  at  a  constant  temperature. 
Water  at  a  known  temperature  enters 
L  as  indicated  by  the  arrow  in  the 
diagram,  passes  round  the  prism  and 
leaves  it  at  C,  thence  it  passes  through 
rubber  tubing  to  R,  from  which  it 
enters  S,  leaving  by  the  other  tube  as 
indicated  in  the  diagram.  The  heater  S  is  composed  of 
two  concentric  metal  boxes,  as  shown  in  Fig.  57,  and 
when  the  apparatus  is  in  use,  it  is  lowered  into  the 
liquid  by  means  of  the  screw  T.  The  temperature  of 
the  liquid  is  given  by  the  thermometer  screwed  into 
the  top  of  S.  The  apparatus,  as  illustrated,  is  arranged 
for  use  with  light  from  flames  or  from  vacuum  tubes, 
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The  reflecting  prism  N  serves  to  throw  light  from  a 
flame  on  to  the  side  of  the  cell  containing  the  liquid ; 
it  is  adjustable  by  means  of  a  handle  beneath  it.  When 
a  hydrogen  tube  is  used  as  the  source  of  light,  the 
prism  N  can  be  swung  back  out  of  the  path  of  the 
light  from  the  tube  which  is  focussed  on  to  the  cell 
by  means  of  the  lens  P. 

The  zero  of  the  refractometer  must  be  determined 
before  measurements  are  made ;  this  is  done  by  the  aid 
of  a  small  right-angled  prism  a  let  into  the  side  of 
the  telescope.  The  vernier  and  the  disc  to  which  the 
telescope  is  attached  are  brought  so  that  the  zero 
division  of  both  almost  coincide.  Then  the  disc  is 
clamped  by  the  screw  H.  The  small  prism  is  then 
illuminated  by  a  strong  light,  and  the  field  in  the 
telescope  will  then  show  the  prism  on  one  side  and 
a  bright  image  of  it  on  the  other,  and  the  cross  wires 
passing  across  the  field  and  over  the  image  of  the  prism. 
If  the  telescope  is  not  in  its  zero  position,  the  image 
of  the  prism  will  also  be  crossed  by  two  black  lines 
parallel  with  the  cross  wires,  which  are  images  of  the 
cross  wires.  If  this  is  the  case,  the  micrometer  screw 
G  is  slowly  turned  until  the  cross  wires  and  their  images 
coincide.  This  is  the  zero  position,  which  must  be  read 
on  the  vernier,  and  if,  as  is  usually  the  case,  it  differs 
from  the  zero  of  the  scale,  it  must  be  noted  and  used 
to  correct  all  subsequent  readings.  Should  it  be  found 
impossible  to  bring  both  cross  wires  into  coincidence  with 
their  respective  images  at  the  same  time,  a  state  of  affairs 
which  will  arise  if  the  prism  has  become  twisted  from  its 
normal  position,  the  upper  wire  is  first  brought  into 
coincidence  with  its  image,  and  the  position  read,  and  then 
the  second  wire  with  its  image,  and  the  position  again 
read.  The  mean  of  the  two  readings  gives  the  true  zero. 
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Most  refractometers  are  supplied  with  the  cell  for 
holding  the  liquid,  already  cemented  on,  but  occasionally 
this  is  not  clone,  and  frequently  the  cells  come  loose. 
They  may  be  put  on  again  by  coating  the  top  of  the 
prism  and  the  bottom  of  the  cell  with  a  thin  layer  of 
fish  glue  or  seccotine.  A  very  good  cement,  and  one 
which  is  not  softened  by  water,  is  made  by  just  melting 
gelatine  and  then  mixing  it  with  a  dilute  solution  of 
potassium  bichromate.  The  bichromate  is  then  all 
washed  away  and  the  gelatine  applied  in  a  very  thin 
layer  as  described  above.  Care  must  always  be  taken, 
when  putting  a  cell  on  to  a  prism,  to  see  that  the 
layer  of  cement  is  uniform. 


EXPERIMENT 

Determine  the  Refractive  Index  of  Ethyl  Alcohol  at 
20°  for  Sodium  Light,  and  also  for  the  C  and  F  lines 
of  Hydrogen.  Calculate  the  Specific  and  Molecular 
Refractivities.  Place  the  refractometer  in  position  and 
determine  its  zero  by  the  method  indicated  above. 
Then  wash  out  the  cell  by  placing  about  5  c.c.  of 
absolute  alcohol  into  it,  and  removing  it  with  a  pipette, 
taking  care  not  to  scratch  the  bottom  of  the  cell 
with  the  point  of  the  pipette.  Place  in  two  further 
quantities  of  alcohol  and  remove  them  as  before.  Then 
add  sufficient  alcohol  to  cover  the  bottom  of  the  cell 
to  a  depth  of  about  5-6  mm.,  set  the  heating  water 
flowing  through  the  heater  LS  and  then  lower  S  into 
the  alcohol.  Most  instruments  are  so  constructed  that 
S  cannot  be  lowered  too  far,  but  care  must  be  taken 
that  there  is  always  a  layer  of  liquid  between  it  and 
the  bottom  of  the  cell.  A  stream  of  water  at  constant 
temperature  is  best  obtained  by  placing  a  coil  of  lead 
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gas  pipe  into  a  large  thermostat,  and  allowing  the  water 
to  pass  slowly  through  it,  and  from  it  to  the  apparatus. 
Such  a  heating  coil  can  be  made  by  winding  about  20-30 
feet  of  lead  gas  piping  round  a  Winchester  quart  bottle 
and  bringing  the  bottom  end  of  the  pipe  up  through  the 
centre  of  the  coil.  When  the  temperature  in  S  is 
constant,  the  measurement  may  be  made.  Place  a 
sodium  flame  about  1-2  feet  away  from  the  prism  N, 
and  turn  the  prism  so  that  the  light  is  reflected 
on  to  the  side  of  the  cell.  The  large  prism  of  the 
refractometer  should  now  be  covered  by  the  wooden 
cap  W,  which  should  be  kept  there  during  all  the 
measurements.  Rotate  the  telescope  and  disc  until  the 
refracted  beam  is  visible,  the  field  will  then  be  seen 
to  be  crossed  by  a  sharply  defined  band  of  yellow  light. 
Move  the  disc  and  telescope  until  the  intersection  of 
the  cross  wires  is  almost  coincident  with  the  edge  of 
the  yellow  light,  then  clamp  the  disc  by  means  of  the 
screw  H,  and  adjust  the  intersection  of  the  wires  so 
that  it  is  exactly  coincident  with  the  edge  of  the  yellow 
light,  by  means  of  the  micrometer  screw  G.  Read  the 
angle  on  the  disc.  Make  several  determinations  of  this 
angle,  approaching  it  from  both  sides,  and  take  the  mean 
of  the  readings.  The  individual  readings  should  not 
differ  by  more  than  one  minute  of  arc  from  the  mean 
value.  Having  thus  determined  the  angle  of  emergence 
of  the  light,  the  refractive  index  can  be  obtained  from 
the  formula 


tj  —  sin2i, 


where   /^   is   the   refractive  index  of   the  prism.     The 


values  of  ^J^  —  sin^i  are  generally  given  for  varying 
values  of  i  in  tables  supplied  by  the  manufacturers  with 
the  refractometer.  In  general  these  values  are  given  for, 
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one  temperature  only,  viz.  20°,  but  there  is  also  a  table 
of  corrections  supplied,  for  use  when  temperatures  other 
than  20°  have  been  employed  in  the  determination. 

Having  thus  obtained  the  refractive  index,  the  specific 
and  molecular  refractivities  may  be  calculated  from  it. 
The  density  of  alcohol  at  the  temperature  of  the 
experiment  must  be  determined  as  indicated  in  Chapter 
V.  Calculate  the  values  of  M  and  R,  using  the  formulae  : 


/z  —  1  jut.2  —  1    in 

M  =  —  j  —  m   and    M.  —    .,  ,      •  -7-. 
d  /x2  +  2    d 

Compare  the  values  obtained. 

The  method  of  procedure,  when  using  the  C  and  F 
lines,  is  practically  the  same  as  the  foregoing.  Clamp 
the  vacuum  tube  in  front  of  the  lens  P  as  indicated 
in  Fig.  56,  then  focus  the  light  on  to  the  side  of  the 
cell,  and  adjust  the  position  of  the  vacuum  tube  so 
that  the  lines  appear  bright  and  clear  in  the  telescope. 
When  the  lines  have  been  obtained  bright  and  clear, 
narrow  them  down  by  closing  the  diaphragm  attached 
to  the  lens  P.  Two  bright  lines,  the  red  (C)  and  the 
blue  (F)  will  be  most  conspicuous.  Now  rotate  the 
disc  until  the  intersection  of  the  cross  wires  almost 
coincides  with  the  red  line,  clamp  the  disc  and  bring 
the  intersection  of  wires  into  coincidence  with  the  line 
by  means  of  the  micrometer  screw  G,  read  the  angle 
on  the  disc.  Then,  by  means  of  the  micrometer  screw, 
bring  the  wires  so  that  they  coincide  with  the  blue 
line,  and  read  the  position  again.  In  making  readings 
for  a  series  of  lines,  it  is  only  necessary  to  read  the 
value  for  the  first  line  on  the  disc,  the  others  being 
obtained  from  the  readings  of  the  micrometer  screw. 
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The  screw  head  rotates  past  a  fixed  horizontal  scale 
which  is  divided  into  degrees  and  thirds  of  a  degree. 
It  is  divided  into  200  divisions,  and  one  complete 
revolution  of  the  screw  advances  it  one  of  the  small 
divisions  of  the  horizontal  scale,  i.e.  twenty  minutes, 
hence  one  division  of  the  screw  head  represents  one-tenth 
of  a  minute  of  arc. 

Calculate  the  specific  and  molecular  refractivities  for 
the  C  and  F  lines,  using  both  formulae,  as  for  the  case  of 
the  sodium  line. 

Atomic  Refractivity 

Refractivity  has  been  shown  to  be  largely  an  additive 
property,  made  up,  in  the  case  of  molecular  refractivity, 
of  the  sum  of  the  refractivities  of  the  constituent 
atoms,  i.e.  the  atomic  refractivities.  Consequently,  when 
the  atomic  refractivities  are  known,  the  molecular 
refractivity  may  be  calculated  from  them,  and  vice 
versa  the  atomic  refractivites  may  be  deduced  from 
the  molecular  refractivities  of  a  series  of  compounds 
containing  these  atoms. 

Thus  the  molecular  refractivity  M  of  a  compound 
may  in  general  be  represented  by  an  expression 


where  C,  H  and  0  represent  the  atomic  refractivities 
of  the  elements  carbon,  hydrogen  and  oxygen  respectively, 
and  n,  m,  and  p  the  number  of  these  atoms  respectively 
present  in  the  given  compound.  Definite  values  have  also 
been  attributed  to  double  and  triple  linkages,  and  oxygen 
has  different  values  in  different  types  of  compounds. 

EXPERIMENT 

Determine    the    Atomic    Refractivities    of    Carbon, 
Hydrogen,  Bromine  and  Oxygen  (hydroxylic).     Deter- 
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mine  the  molecular  refractivities  of  methyl  alcohol, 
ethyl  alcohol,  ethyl  bromide  and  ethylene  dibromide  at 
the  same  temperature,  by  the  method  already  described, 
using  the  same  source  of  light  in  each  case.  Now  let 
m1?  m2,  77i3  and  m4  be  the  values  obtained  in  the 
four  cases  respectively.  Then,  since  it  may  be  assumed 
that  the  refractive  power  is  an  additive  property,  and 
using  the  chemical  symbols  of  the  elements  to  represent 
their  refractivities, 

C2H5OH-CH3OH  =  CH2 

i.e.          m2      —      m}      =the  refractivity  of  CH2, 

C2H4Br2-      2CH2      =  2Br 

i.e.     m4      —  2  (m2  —  mx)  =  2  x  atomic  refractivity  of  Br. 
Hence  the  atomic  refractivity  of  bromine 
=  /m4+2m1  —  2m2\ 
\        ~T~        /' 

C2H5Br-2CH2-Br  =  H  =  atomic  refractivity  of  II, 
i.e.   mB  —  <2l(m2  —  ml)  —  (mi-\-2ml  —  2m2)x^ 

=  atomic  refractivity  of  hydrogen. 

m, 
Hydrogen  =  m3  —  m2  +  m^  —  -^. 

CH2  —  2  H  =  C  =  atomic  refractivity  of  carbon. 


=  atomic  refractivity  of  carbon. 
Carbon  =  3m2  —  3ml  —  2mB  +  ?r^4  . 
CH3OH  —  CH2  —  2  H  =  O  =  atomic  refractivity  of  oxygen. 


i.e. 


=  atomic  refractivity  of  oxygen. 
Oxygen  (hydroxylic)  =  m2  +  m4  —  2m3. 
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The  following  additional  experiments  are  suggested 
for  the  determination  of  other  atomic  refractivities. 

(i)  Determine  the  Atomic  Refractivity  of  Carbon, 
Hydrogen,  Oxygen  (ketonic)  and  Oxygen  (hydroxylic). 
Use  for  this  experiment  methyl  alcohol,  ethyl  alcohol, 
acetic  acid  and  acetone. 

(ii)  Determine  the  Atomic  Refractivity  of  Chlorine. 
Use  chloroform  and  carbon  tetrachloride  for  this  experi- 
ment, and  make  use  of  the  values  found  for  carbon 
and  hydrogen  in  the  previous  experiments. 

Refractivity  of  Solutions 

The  refractivity  of  an  homogeneous  transparent 
mixture  or  solution  is  the  mean  of  the  refractivities 
of  its  constituents.  Thus  if  rlt  r2,  rB  represent  the 
refractivities  of  the  mixture  and  its  two  constituents 
respectively,  then 

p 


where  p  represents  the  percentage  of  the  constituent 
having  the  refractivity  r2  in  the  mixture. 

Hence  it  is  possible  to  determine  the  refractivity 
of  a  substance  in  solution,  by  measuring  the  refractivity 
of  the  solution  and  the  solvent.  If  /ULI}  /ULZ  and  jm3  be 
the  refractive  indices  of  the  solvent,  solution  and 
dissolved  substance  respectively,  and  dlt  dz  and  d3 
their  densities,  then 

/*2-l=AH~l    100  -JP  -  Ms"1    _P_ 
d2          d1         100  d3    *100' 

where  p  is  the  percentage  of  the  dissolved  substance 
contained  in  the  solution. 

M2-1    100         - 
d.2       p 


186 


PHYSICAL  CHEMISTRY 


or    using    the    Lorentz    and    Lorenz    formula    for    the 
refractivity, 

^3-1       _^-1    100     ^-1    100-p 


EXPERIMENTS 

(i)  Determine  the  Specific  Refractivity  and  Molecular 
Refractivity  of  Potash  Alum.  Make  a  solution  of  alum 
containing  5-6  per  cent,  of  alum  by  weight,  and  determine 
its  refractive  index  at  about  20°;  since  the  refractive 
index  of  air  is  taken  as  unity,  the  refractive  index  of 
water  must  also  be  determined.  Next  obtain  the  density 
of  water  and  the  solution  at  the  temperature  of  the 
experiment,  either  from  tables  or  by  experiment.  From 
the  data  obtained,  calculate  the  specific  and  molecular 
refractivities  by  means  of  the  formulae  given  above. 

(ii)  Determine  the  Refractivity  of  a  Mixture  of  Ethyl 
Alcohol  and  Methyl  Alcohol.  Make  a  mixture  of  known 
weights  of  methyl  and  ethyl  alcohols,  and  determine  its 
refractive  index  at  20°.  Calculate  the  refractivity  of 
the  mixture.  Assuming  the  refractivity  of  one  of  the 
constituents,  calculate  the  value  of  the  other,  and  com- 
pare the  value  obtained  with  that  directly  measured. 
Below  is  given  a  table  of  the  refractive  indices  for 
methyl  and  ethyl  alcohols,  together  with  their  relative 
densities  : 


dj, 

Temp. 

^D 

^c 

f-F 

Methyl  Alcohol,    - 

0-7921 

20° 

1  -3290 

1-3275 

1-3330 

— 

07961 

18° 

1-3301 

— 

— 

Ethyl  Alcohol,       - 

0-7899 

20° 

1-3617 

1-3593 

1-3653 

— 

0-8026 

18° 

1-3619 

1-3605 

1  -3663 

CHAPTER  XIII 

THERMAL  MEASUREMENTS 

BEFORE  thermochemical  experiments  can  be  made,  cer- 
tain thermal  values  of  the  substances  employed  must  be 
known ;  thus,  for  example,  knowledge  is  always  required 
of  the  specific  heat  of  the  reacting  substances,  and  fre- 
quently it  is  necessary  to  know  two  or  more  of  the 
values:  melting  point,  boiling  point,  latent  heat  of 
fusion  and  latent  heat  of  vaporisation.  The  methods 
of  determining  these  values  will  therefore  be  considered 
here,  whilst  the  "  thermochemical "  determinations  will 
be  considered  in  Part  II.  of  this  work. 

1.  Determination  of  Melting  Point 

In  the  practice  of  organic  chemistry,  it  is  usual  to 
determine  the  melting  point  of  a  substance  by  placing  a 
small  portion  of  the  substance  in  a  thin-walled  capillary 
tube.  The  tube  is  then  attached  to  the  stem  of  a  ther- 
mometer, so  that  the  substance  and  the  bulb  of  the 
thermometer  are  at  the  same  height ;  the  thermometer 
is  then  placed  in  a  bath  of  sulphuric  acid  or  water,  which 
is  gently  heated  until  the  substance  melts.  The  tem- 
perature at  which  the  substance  melts  is  read  off  and 
recorded  as  the  melting  point.  Such  determinations  are, 
however,  seldom  correct,  and  vary  with  the  diameter  of 
the  capillary  tube  employed. 
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For  accurate  determinations  of  melting  point,  a  quan- 
tity of  the  substance,  5-6  grams  if  possible,  is  placed  in 
a  narrow  test  tube,  which  is  supported  by  a  cork  in  a 
second  slightly  wider  test  tube,  which  serves  as  an  air 
jacket  (see  Fig.  40,  Chapter  VII.).  The  tubes  are  placed 
in  a  bath,  which  may  be  raised  to  a  higher  temperature 
than  the  melting  point  of  the  substance.  This  is  pro- 
vided with  a  stirrer,  and  is  slowly  heated  until  the 
substance  in  the  inner  tube  has  melted.  When  this  is 
the  case,  a  corrected  thermometer  and  a  stirrer  of 
platinum  wire  are  placed  in  the  molten  substance,  and 
the  temperature  of  the  bath  is  allowed  to  fall  until 
it  is  about  one  degree  below  the  melting  point  of 
the  substance  in  the  inner  tube,  and  here  it  is  kept 
stationary.  The  temperature  of  the  molten  substance 
slowly  falls  to  below  its  melting  point,  and  suddenly  the 
liquid  commences  to  solidify,  and  the  temperature  rises 
to  the  melting  point.  Both  the  substance  itself  and  the 
heating  bath  should  be  stirred  quickly  while  the  tem- 
perature is  rising.  Should  the  substance  not  solidify 
when  cooled  slightly  below  its  melting  point,  the  addi- 
tion of  a  small  particle  of  the  solid  will  bring  about 
solidification. 

If  any  portion  of  the  thermometer  thread  is  outside 
the  tube  containing  the  molten  substance,  a  correction 
must  be  applied  to  obtain  the  true  melting  point,  viz. 


where  T  is  the  observed  melting  point,  n  the  number  of 
degrees  of  exposed  thread  and  t  the  mean  temperature 
of  the  exposed  thread.  It  will  be  obvious  that  such  a 
correction  only  gives  a  near  approximation  if  long  lengths 
of  thread  are  exposed,  and  it  is  always  better  to  use 
short  normal  thermometers,  where  the  thread  is  always 
inside  the  melting  vessel,  for  these  determinations. 
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2.  Determination  of  Boiling  Point 

The  normal  Boiling  Point  of  a  liquid  is  that  tempera- 
ture at  which  the  vapour  tension  of  the  liquid  becomes 
equal  to  760  mm.  of  mercury.  In  its  wider  and  general 
sense  the  boiling  point  may  be  defined  as  the  temperature 
at  which  the  vapour  tension  of  a  liquid  equals  the  outside 
pressure. 

In  most  cases  one  has  to  deal  with  the  normal  boiling 
points  in  physico-chemical  measurements,  and  when  any 
boiling  point  other  than  this  is  recorded,  the  pressure  at 
which  it  was  determined  must  also  be  recorded  along 
with  it. 

The  usual  method  for  the  determination  of  the  boiling 
point  consists  in  heating  a  liquid  in  a  distillation  flask 
with  a  long  neck.  The  thermometer  is  placed  through  a 
cork  in  the  neck,  so  that  the  bulb  and  the  whole  of  the 
thread  are  immersed  in  the  vapour  of  the  boiling  liquid. 
Irregular  boiling,  i.e.  "  bumping,"  is  prevented  by  placing 
a  few  pieces  of  platinum  foil  in  the  liquid.  Since  the 
boiling  point  depends  on  the  pressure,  this  must  be  stated 
along  with  the  result  obtained.  The  normal  boiling- 
point,  i.e.  the  boiling  point  at  760  mm.  of  mercury 
pressure,  can  be  obtained  from  the  boiling  point  at  other 
pressures,  if  they  are  not  far  removed  from  the  normal, 
by  use  of  the  expression 


where  p  is  the  pressure  at  which  the  boiling  point  was 
determined,  tp  is  the  actually  determined  boiling  point 
and  k  is  a  constant  which  differs  with  the  substance  in 
question.  When  only  small  quantities  of  a  liquid  are 
available,  the  method  for  determination  of  the  boiling 
point  must  be  considerably  modified. 
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A  narrow  tube  containing  2  or  3  drops  of  the  liquid  is 
bound  to  a  thermometer,  as  in  Fig.  58,  a  thin  capillary 
tube,  closed  near  the  bottom,  is  placed  in  the 
liquid,  and  the  whole  placed  in  a  bath  of  water 
or  some  other  liquid  and  slowly  heated.  As  the 
temperature  is  raised,  a  few  bubbles  of  vapour 
will  form  in  the  capillary  tube,  but  at  the  boiling 
point  they  will  suddenly  increase  in  number  and 
form  a  continuous  thread  of  small  bubbles.  When 
this  occurs  the  temperature  is  read.  Determina- 
tions of  this  kind  maybe  inaccurate  by 0'5°-10<0. 
Most  thermal  data  are  obtained  by  use  of  a 
calorimeter.  This  piece  of  apparatus  is  con- 
structed in  many  forms  adapted  to  special  needs. 
For  the  present  purpose  and  for  therm  ochemical 
determinations,  the  calorimeter  described  below 
is  most  suitable. 

It  consists  of  a  double-walled  outer  vessel 
A  (Fig.  59)  made  of  polished  copper,  which  is 
fitted  with  a  movable  cover  C  made  in  two 
halves.  The  space  between  the  walls  of  this  vessel 
is  filled  with  water.  Standing  inside  A,  supported  on 
three  pointed  corks  d,  is  a  cylindrical  vessel  B  of 
about  1^  litres  capacity,  and  made  of  silver  or  silvered 
copper.  This  vessel  is  prevented  from  touching  the 
sides  of  the  outer  vessel  A  by  means  of  thin  cork 
wedges  w,  which  are  cemented  on  to  the  walls  of  the 
outer  vessel.  A  third  vessel  O,  of  about  750  c.c.  capacity, 
and  made  of  silver  or  platinum,  stands  inside  B,  isolated 
from  it  by  cork  supports  s.  This  third  vessel  is  the 
calorimeter  proper,  i.e.  the  vessel  in  which  the  actual 
measurement  takes  place ;  the  other  vessels  are  to  pre- 
vent the  access  of  heat  to  O  from  the  outside,  and  the 
loss  of  heat  from  O  by  radiation  during  the  experiment. 
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The  vessel  O  is  provided  with  a  stirrer  made  of  the  same 
material  as  the  vessel  itself.  The  outside  vessel  is  pro- 
vided with  a  stirrer  m,  and  is  also  surrounded  with  a 
layer  of  thick  felt. 

For  most  purposes  thermometers  reading  to  -^j-0  are 
sufficiently  sharp  reading  for  the  determinations  con- 


B 


-rJ® 


FIG.  59. 

sidered  in  this  chapter;  occasionally,  however,  where 
only  small  amounts  of  substances  are  available,  or  where 
the  temperature  change  is  very  small,  Beckmann  ther- 
mometers must  be  used.  Where  this  is  necessary,  note 
will  be  made  of  the  fact  in  the  following  descriptions. 

3.  Determination  of  Specific  Heat 

Specific  Heat  is  defined  as  the  quantity  of  heat,  mea- 
sured in  calories,  which  will  raise  the  temperature  of 
1  gram  of  a  substance  through  1°.  Since  the  quantity 
of  heat  required  to  raise  1  gram  of  a  substance  through 
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1°  varies  with  the  temperature,  it  follows  that  the  specific 
heat  also  varies  with  the  temperature.  Hence,  in  stating 
the  specific  heat  of  a  substance,  it  is  necessary  to  specify 
the  temperature  at  which  it  has  been  determined, 
and,  in  using  the  values  of  specific  heat  in  calculating 
further  quantities,  care  must  always  be  taken  that  the 
value  used  is  the  correct  one  for  the  particular  range  of 
temperature  with  which  these  calculations  are  con- 
cerned. 

The  methods  of  specific  heat  determination,  although 
the  same  in  principle,  differ  in  their  experimental  details 
for  solids,  liquids  and  gases  ;  in  consequence  of  this  they 
will  be  considered  separately. 

(a)  Specific  Heat  of  Solid  Substances.  The  specific  heat 
of  a  solid  substance  is  determined  generally  by  the 
method  of  mixtures.  This  method  consists  in  measuring 
the  change  in  temperature  of  a  known  mass  of  water,  or 
some  other  liquid,  when  a  solid  substance  at  a  known 
temperature  is  placed  in  it.  If  ^  and  t2  be  the  initial 
and  final  temperatures,  respectively,  of  the  water  or 
other  liquid,  and  if  m  be  the  weight  of  the  liquid  and 
s  its  specific  heat,  mx  the  weight  of  the  solid  substance 
which  has  been  heated  to  a  temperature  £3,  and  sx  its 
specific  heat,  then  the  solid,  on  cooling  from  tB  to  £2,  has 
given  up  a  quantity  of  heat  represented  by  m1s1(^3  —  tz). 
This  quantity  of  heat  has  been  used  up  in  raising  the 
temperature  of  the  liquid  in  the  calorimeter,  the  calori- 
meter, the  stirrer  and  the  thermometer,  from  ^  to  tz,  and 
is  represented  by 


ms(tz  - 

where  m2,  m3,  m4,  sz,  s3  and  s4  are  the  weights  and 
specific  heats  of  the  inner  vessel  of  the  calorimeter, 
stirrer  and  thermometer  respectively.  The  specific  heat 
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of  the  substance  is  obtained  by  equating  these  two  equal 
quantities  of  heat. 


=  ms(t2  - 
from  which 

(t2  -  t 


Generally  the  factors  S2m2,  S3m3  and  s4m4,  representing 
the  products  of  the  specific  heat  and  weight  of  the 
calorimeter,  stirrer  and  thermometer,  are  substituted  in 
the  equation  by  the  water  value  of  the  calorimeter. 
This  may  be  determined  experimentally,  or  calculated 
from  the  weights  and  specific  heats,  but  once  determined 
it  serves  for  all  measurements,  and  is  simply  added  to 
the  weight  of  water  in  the  calorimeter,  and  multiplied 
along  with  the  weight  of  water  by  the  temperature 
change.  The  equation  then  becomes 


where  s  is  the  specific  heat  of  water  and  w  the  water 
value  of  the  calorimeter,  stirrer  and  thermometer.  Of 
course,  if  water  is  not  used  in  the  calorimeter,  but  some 
other  liquid,  then  the  above  equation  does  not  hold. 
The  expression  then  becomes 


where  st  is  the  specific  heat  of  the  liquid  in  the  calori- 
meter, and  s  that  of  water.  If  a  large  number  of 
determinations  have  to  be  made  with  a  liquid  other 
than  water  in  the  calorimeter,  e.g.  aniline,  it  will  save 
much  calculation  to  determine  the  aniline  value  of  the 
calorimeter  instead  of  the  water  value. 

To  determine  the  water  value  of  a  calorimeter  experi- 
mentally:   fill  the  outer   vessel  with   water,  arid  place 
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the  second  vessel  in  position  and  allow  to  stand  until 
the  temperature  of  the  water  has  become  that  of  the 
air.  This  may  take  several  hours,  and  it  is  therefore 
expedient  to  fill  the  calorimeter  the  day  before  it  is  to 
be  used.  Then  weigh  the  inmost  vessel,  i.e.  the  calori- 
meter proper,  place  about  250  c.c.  of  distilled  water  into 
it,  and  weigh  again  to  the  nearest  centigram.  Place  it 
in  the  calorimeter  and  allow  it  to  stand  for  about 
15  minutes,  so  that  its  temperature  may  approach  that 
of  the  outer  walls.  Next  heat  about  250  c.c.  of  distilled 
water  in  a  glass  flask  to  about  65°,  and  place  the  flask  in 
a  silver  vessel  similar  to  the  innermost  calorimeter  vessel. 
Now  read  the  temperature  of  the  water  in  the  calori- 
meter and  that  in  the  flask  every  minute,  stirring  all 
the  time,  and  noting  both  the  time  and  temperature. 
Take  these  readings  for  about  10  minutes,  and  then 
pour  the  hot  water  into  the  cold  water  in  the  calorimeter, 
and  stir;  note  the  time  at  which  the  addition  is  made, 
and  then  read  the  temperature  again  every  minute,  until 
the  temperature,  which  at  first  rose  irregularly,  falls 
perfectly  regularly.  Then  weigh  the  calorimeter  and 
water  again,  to  get  the  weight  of  hot  water  added. 

If  wl  be  the  weight  of  cold  water  and  ^  its  tempera- 
ture at  the  moment  of  mixing,  w2  the  weight  of  hot 
water  and  t2  its  temperature  at  the  moment  of  mixing, 
W  the  water  value  of  the  calorimeter,  thermometer  and 
stirrer,  and  t3  the  temperature  after  mixing,  then  assum- 
ing the  specific  heat  of  water  to  be  unity, 


_ 


It  will  generally  be  observed  that  the  temperature  of 
liquids  is  not  constant  under  ordinary  circumstances,  but 
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is  either  falling  or  rising  in  a  perfectly  regular  manner. 
If,  then,  a  series  of  determinations  of  the  temperatures  of 
a  liquid  at  stated  intervals  be  obtained,  it  is  always 
possible  to  arrive  at  the  temperature  at  some  period  in 
the  near  future,  by  extrapolation.  Such  is  the  method 
which  must  be  adopted  to  arrive  at  the  temperatures  at 
the  actual  moment  of  mixing  in  the  above  described 
experiment.  If  the  temperature  readings  recorded  in 
the  above  experiment  are  plotted  as  ordinates  against 
the  time  as  abscissae,  two  curves  can  be  obtained,  repre- 
senting the  rates  of  cooling  or  heating  of  the  two  liquids, 
and  if  these  curves  be  produced  to  the  point  representing 
the  time  of  mixing  of  the  two  quantities  of  water,  the 
temperatures  at  mixing  can  be  obtained  from  the  curve. 
This  is,  perhaps,  clearer  from  a  diagram ;  suppose  in 
Fig.  60  the  points  represent  the  temperatures  at  the 
1st,  2nd,  3rd,  4th,  5th,  6th  and  7th  minutes  in  each  case, 
and  that  the  mixing  took  place  at  the  8th  minute,  then 
by  producing  the  curves  through  the  points  1-7  to  the 
8th  point,  we  shall  have  the  true  temperatures  ^  and  t2 
of  the  cold  and  hot  water  respectively.  The  mixed 
liquids  are  at  a  higher  temperature  than  the  surrounding 
vessels,  and  will  consequently  lose  heat  by  radiation,  so 
that  the  highest  temperature  reading  will  be  somewhat 
less  than  the  correct  value.  The  true  temperature  may 
be  obtained  by  plotting  the  times  and  temperature  read- 
ings taken  after  the  mixing.  It  will  be  found  at  first 
that  the  temperature  quickly  rises  to  a  maximum,  and 
then  falls  regularly.  If  a  curve  be  drawn  through  the 
regular  points  and  produced  backward  to  the  8th  minute, 
i.e.  the  moment  of  mixing,  it  will  give  the  correct  value 
for  ty  The  values  (tB  -  tj  and  (tz  -  tB)  can  then  be  directly 
read  from  the  curves,  as  illustrated  in  Fig.  60.  The 
water  value  obtained  by  this  method  is  a  mean  value, 
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applicable  strictly  only  over  the  range  of  temperature 
for  which  it  has  been  determined,  and  if  experiments 
are  to  be  made  over  temperatures  differing  widely  from 
these,  the  value  should  be  re-determined  at  those  tem- 


O       I        23        4-36        7        8       9       '0      //      /2       S3     it      IS       !6 

jfome  t72  Minutes 
FIG.  CO. 

peratures.  Generally  speaking,  however,  the  water  value, 
once  determined  over  temperatures  approximating  to 
those  usually  employed,  will  serve  for  all  but  the  most 
exact  experiments. 

EXPERIMENT 

Determine  the  Specific  Heat  of  Silver.  Fit  up  the 
calorimeter  as  described,  and  determine  its  water  value 
if  this  is  not  known.  Place  about  200  c.c.  of  water  in 
the  innermost  vessel,  and  weigh  it  to  the  nearest  centi- 
gram. Then  place  the  cover  on  the  calorimeter  and 
insert  a  thermometer,  reading  to  -^-°,  through  the  hole  in 
the  lid,  so  that  its  bulb  is  completely  immersed  in  the 
water.  Then  weigh  out  about  20  grams  of  silver ;  this  is 
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best  used  in  a  granular  form.  The  silver  must  now  be 
heated  to  a  known  temperature,  and  transferred  to  the 
water  in  the  calorimeter  without  loss  of  heat.  This  is 
best  done  by  a  device  due  to  Crompton.  The  method 
consists  in  placing  the  silver  in  the  inner  tube  A  (Fig.  61) 
of  a  double-walled  glass  vessel.  A 
small  quantity  of  a  liquid  of  fairly 
high  boiling  point  is  placed  in  the 
outer  vessel,  together  with  some 
bits  of  platinum  foil  to  prevent 
"  bumping,"  and  briskly  boiled.  In 
this  experiment  aniline  is  a  suitable 
liquid  to  use.  After  some  fifteen 
or  twenty  minutes,  the  silver  will, 
have  been  raised  to  the  boiling  point 
of  the  liquid,  i.e.  the  temperature 
of  the  vapour  which  has  surrounded 
it;  the  condenser  is  then  removed 
from  C,  and  the  silver  is  tipped 
directly  from  A  into  the  calorimeter, 
care  being  taken  to  avoid  splashing. 
The  construction  of  the  tube  pre- 
vents the  heating  liquid  flowing 
out.  As  soon  as  the  silver  has  been  added,  stir  slowly, 
and  make  series  of  temperature  readings  similar  to  those 
made  with  the  water  at  the  beginning  of  the  experiment, 
and  in  the  manner  described  above.  Then,  if  W  is  the 
water  value  of  the  calorimeter,  w  the  weight  of  silver, 
w^  that  of  the  water,  t  the  initial  temperature  of  the 
silver,  t±  that  of  the  water,  and  tz  the  final  temperature, 
s  the  specific  heat  of  the  silver,  and  s1  the  mean  specific 
heat  of  water  over  the  range  of  temperature  t^  —  t^ 
(t2  -  y .  8l .  (W  +  wj  =  sw(t-  <2), 
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A  table  of  specific  heats  of  water  at  various  tempera- 
tures is  given  in  the  Appendix  (Table  VIII. ). 

Having  obtained  the  specific  heat,  use  it  to  test  the 
truth  of  Dulong  and  Petit's  law : 

Atomic  weight  X  specific  heat  =  G'4. 

Further  experiments  may  be  made  with  aluminium 
and  silicon  at  various  temperatures,  and  their  approxi- 
mate agreement  with  Dulong  and  Petit's  law  observed  as 
the  temperature  is  increased. 

When  the  solid  whose  specific  heat  is  to  be  determined 
is  a  powder  or  a  substance  which  is  attacked  by  water,  it 
may  be  sealed,  weighed  and  heated  in  a  thin-walled 
glass  tube,  and  introduced  into  the  calorimeter  in  this 
way.  The  heat  given  up  by  the  glass  tube  must  be 
taken  into  account  in  the  calculation  If  only  small 
quantities  of  substances  are  available  for  specific  heat 
determinations,  Beckmann  thermometers  must  be  used, 
both  to  take  the  temperature  of  the  heated  substance 
and  the  temperature  change  of  the  calorimeter.  If 
Beckmann  thermometers  are  used  in  this  class  of  work 
they  must  be  compared  with  short,  standard  thermo- 
meters, so  that  the  exact  value  of  their  scales  becomes 
known. 

In  the  case  of  a  substance  which  is  either  attacked  by, 
or  dissolved  in,  water,  some  other  liquid  may  be  used  in 
the  calorimeter,  e.g.  aniline,  toluene  or  turpentine.  Of 
these  liquids  aniline  is  to  be  preferred.  Its  specific  heat 
does  not  vary  much  with  temperature,  and  has  been 
throughly  investigated  by  Griffiths  (Phil.  Mag.  39,  47 
and  143).  Indeed,  aniline  is  to  be  preferred  to  water  for 
all  determinations  where  it  does  not  react  with  the 
substance  under  investigation,  because  its  boiling  point 
is  much  higher  than  that  of  water,  and  its  specific  heat 
is  only  about  one-half  that  of  water.  The  former  fact 
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allows  of  determinations  being  made  at  higher  tempera- 
tures than  are  possible  with  water,  and  the  low  specific 
heat  occasions  much  larger  changes  of  temperature, 
which  obviously  lead  to  more  accurate  results.  The 
specific  heat  of  aniline  for  temperatures  between  15°-52° 
is  given  by  the  expression 

s  =  0-5156  +  (J  -  20)  x  0-0004  +  (t-  20)2  x  0-000002. 

Table  IX.  Appendix,  gives  the  specific  heat  of  aniline 
at  various  temperatures. 

Aniline,  which  is  to  be  used  for  thermal  determinations, 
should  be  purified  by  the  method  due  to  Hantzsch  and 
Fresse  (Ber.  27,  2529).  This  consists  in  boiling 
it  with  10  per  cent,  of  its  weight  of  acetone 
for  ten  hours,  and  then  carefully  fractionating. 
Aniline  purified  in  this  way  is  free  from  sulphur 
compounds  and  does  not  readily  colour  in  the 
air. 

(b)  Specific  Heat  of  Liquids.  The  specific  heat 
of  liquids  may  be  determined  either  by  the 
method  of  mixtures  or  by  the  method  of 
cooling. 

The  method  of  mixtures  is  applied  to  liquids 
in  exactly  the  same  way  that  it  is  applied  to 
solids.  The  liquid  is  heated  in  a  thin- walled 
glass  tube,  fitted  with  a  cork  which  carries  a 
thermometer  and  a  stirrer,  as  illustrated  in 
Fig.  62.  The  tube  containing  the  liquid  is  placed 
in  a  bath  at  a  suitably  high  temperature,  and 
kept  there  until  it  has  taken  on  the  tempera- 
ture, then  it  is  supported  inside  a  silver  vessel, 
similar  to  the  calorimeter  vessel,  and  its 
temperature  is  taken  every  minute  for  ten  minutes.  It 
is  then  plunged  into  the  water  of  the  calorimeter,  whose 
temperature  has  been  taken  in  the  same  way;  both 
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liquids  are  kept  stirred,  and  the  temperature  of  the 
water  in  the  calorimeter  is  taken  until  it  is  falling 
regularly.  The  method  of  calculation  is  exactly  the 
same  as  in  the  preceding  case. 

In  the  case  of  liquids  which  are  easily  obtained  in 
large  quantities,  the  method  of  mixtures  may  be  applied 
in  the  following  way.  The  water  in  the  calorimeter  is 
substituted  by  the  liquid  in  question,  and  a  known 
weight  of  a  metal  of  known  specific  heat  and  at  a  known 
temperature  is  added  to  it,  and  the  temperature  change 
noted,  exactly  as  in  the  determination  of  the  specific 
heat  of  a  solid.  If,  now,  w,  t  and  s  are  respectively  the 
weight,  temperature  and  specific  heat  of  the  metal,  and 
wv  tl  and  sl  the  corresponding  quantities  for  the  liquid,  t2 
the  final  temperature  and  W  the  water  equivalent  of  the 
calorimeter,  then 


_ 
Ui  o-i  — 


The  principle  of  the  determination  of  the  specific  heat 
of  a  liquid  by  the  method  of  cooling,  is  based  on  Newton's 
Law  of  Cooling,  which  states,  "That  the  quantity  of 
heat  lost,  by  a  substance  in  a  given  time,  is  proportional 
to  the  mean  difference  of  temperature  between  the 
substance  and  its  surroundings." 

If,  then,  the  time  T,  required  by  a  liquid  A  of  specific 
heat  s  to  fall  from  a  temperature  t2  to  one  tv  be  deter- 
mined, and  compared  with  the  time  TI}  required  by  a 
second  liquid  B  of  specific  heat  s1  to  cool  through  the 
same  temperature  interval,  under  the  same  condition, 
the  relationship  : 

Heat  lost  by  liquid  A  :  heat  lost  by  liquid  B 
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will  be  obtained,  where  w  and   w^  are  the  weights  of 
A  and  B  respectively.     Also 

Heat  lost  by  liquid  A  :  heat  lost  by  liquid  B  ::  T  :  TI} 

hence  Jl^rJil  =  1  -      -     ws  =T 

Wfyfa-tJ      V        '   Wfr      TV 

If,  now,  the  specific  heat  of  the  liquid  A  be  known,  say 
(for)  water,  s=  1,  then 

w     T, 
"1-W.-T- 

To  determine  the  specific  heat  of  a  liquid  by  this 
method,  about  20  grams  of  water  are  weighed  out  to  the 
nearest  centigram,  in  a  tube  fitted  with  thermometer  and 
stirrer  (see  Fig.  62).  It  is  then  heated  to  a  temperature 
slightly  above  40°  and  placed  in  an  empty  calorimeter, 
which  is  surrounded  with  ice,  and  the  time  required  for 
its  temperature  to  fall  from  40°  to  30°  is  taken,  the 
liquid  being  stirred  slowly  all  the  while.  The  experi- 
ment is  then  repeated  with  about  the  same  volume  of 
the  liquid  whose  specific  heat  is  to  be  determined,  the 
conditions  being  kept  identical  with  those  of  the  first 
part  of  the  experiment.  The  specific  heat  is  then 
calculated  by  the  formula  given  above. 

EXPERIMENTS 

(i)  Determine  the  Specific  Heat  of  Ethyl  Alcohol. 
Use  the  method  of  mixtures  for  this  experiment,  making 
use  of  about  15  c.c.  of  absolute  alcohol,  which  must  be 
heated  to  about  40°  in  a  thin- walled  tube.  Place  about 
200  c.c.  of  water  in  the  calorimeter,  and  determine  the 
temperature  change  by  means  of  a  Beckmann  thermo- 
meter. The  specific  heat  of  the  glass  tube  must  be 
determined  before  the  calculation  can  be  carried  out. 
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(ii)  Determine  ike  Specific  Heat  of  Nitrobenzene.  Use 
the  method  of  mixtures  for  this  experiment.  Place  about 
150c.c.  of  nitrobenzene  in  the  calorimeter,  and  heat  up 
about  fifty  grams  of  granulated  copper  to  about  184°  by 
using  an  aniline  bath,  as  described  under  the  specific 
heat  of  solids.  Add  the  copper  to  the  nitrobenzene  and 
determine  the  temperature  change.  Calculate  the  specific 
heat  by  the  usual  formula,  being  given  that  the  mean 
specific  heat  of  copper  is  (M)966  between  20°-200°. 

(iii)  Determine  the  Specific  Heat  of  Acetone.  Use  the 
method  of  cooling  for  this  experiment.  Weigh  out  10—15 
grams  of  acetone,  heat  it  to  36°-37°  in  a  tube,  as  described 
above,  place  in  a  calorimeter  surrounded  by  ice,  taking 
care  that  the  tube  does  not  touch  the  walls  of  the 
calorimeter  and  occupies  a  central  position  in  the  calori- 
meter. Allow  it  to  cool  to  35°  and  then  determine  the 
time  required  for  it  to  cool  to  25°,  stirring  slowly  all  the 
while.  Make  a  similar  determination  for  the  same 
volume  of  water.  Assuming  the  specific  heat  of  water  is 
unity,  calculate  the  specific  heat  of  acetone  by  the 
method  indicated. 

(c)  Specific  Heat  of  Gases.  The  specific  heat  of  gases 
requires  more  apparatus  than  is  usually  available  in 
most  chemical  laboratories  for  its  determination,  further- 
more, it  is  not  an  experiment  at  all  easy  of  performance ; 
it  will  therefore  not  be  considered  here.  For  physico- 
chemical  purposes,  the  ratio  of  the  specific  heat  of  gases 
at  constant  volume  and  constant  pressure  is  of  more 
importance.  For  methods  of  determining  this  ratio  see 
Chapter  VI. 


THERMAL  MEASUREMENTS  203 

4.  Determination  of  Latent  Heat  of  Fusion 

The  latent  heat  of  fusion  is  the  quantity  of  heat 
required  to  convert  one  gram  of  a  solid  substance,  at 
its  melting  point,  into  the  liquid  state  at  the  same 
temperature. 

The  latent  heat  of  fusion  is  determined  generally  by 
the  method  of  mixtures.  A  weighed  quantity  of  the 
substance  is  raised  to  a  known  temperature  above  its 
melting  point,  and  added  to  a  known  quantity  of  water 
or  other  liquid  at  a  known  temperature  in  a  calorimeter, 
and  the  temperature  change  noted.  It  will  be  obvious 
that,  before  the  latent  heat  can  be  determined,  it  is 
necessary  to  know  the  specific  heats  of  the  substance 
both  in  the  liquid  and  solid  forms,  and  also  the  melting 
point  must  be  accurately  known.  Suppose  the  melting 
point  of  the  substance  be  t°,  and  that  it  is  melted  and 
raised  to  a  temperature  t^  before  it  is  added  to  the  liquid 
in  the  calorimeter.  Let  £2°  be  the  final  temperature  of 
the  liquid  in  the  calorimeter.  Then  the  heat  given  out 
by  the  substance  added  to  the  liquid  in  the  calorimeter 
is  made  up  of  three  distinct  quantities :  (1)  the  heat 
given  up  whilst  the  molten  solid  falls  in  temperature 
from  £tc  to  the  melting  point,  which  is  equal  to  wa(t^  —  t), 
where  w  is  the  weight  of  the  solid  and  s  the  specific  heat 
of  the  substance  in  the  molten  condition;  (2)  the  heat 
given  up  at  the  melting  point,  as  the  liquid  becomes 
solid,  i.e.  wL,  where  L  is  the  latent  heat  of  fusion ;  and 
(3)  the  heat  given  out  as  the  solid  substance  cools  from 
the  melting  point  to  the  final  temperature  of  the  experi- 
ment. This  is  equal  to  wsl(t  —  t2\  where  Sj  is  the 
specific  heat  of  the  substance  in  the  solid  condition. 
The  sum  of  these  three  quantities  of  heat  is  equal  to  the 
heat  gained  by  the  liquid  in  the  calorimeter  and  the 
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calorimeter  itself,  in  raising  them  from  their  initial  tem- 
perature t3  to  the  final  temperature  tz.  If  W  be  the 
weight  of  liquid  in  the  calorimeter,  and  s3  its  specific 
heat,  and  N  be  the  water  equivalent  of  the  calorimeter, 
then 


or 


w 


EXPERIMENT 


Determine  the  Latent  Heat  of  Fusion  of  p-Toluidine. 
Before  proceeding  to  the  actual  determination  of  the 
latent  heat,  the  melting  point,  and  specific  heat  of  liquid 
and  of  solid  p-toluidine  must  be  determined. 

Determine  the  melting  point  by  the  method  given  in 
section  1  of  this  chapter,  and  not  in  a  capillary  tube. 

Having  obtained  the  melting  point,  place  about  10  grams 
of  ^p-toluidine  in  a  previously  weighed  thin-walled  tube, 
melt  it  down  to  a  compact  mass,  and  when  it  has  cooled, 
weigh  again.  Then  draw  off  the  top  of  the  tube  so  that 
the  substance  is  sealed  up  in  the  bulb,  and  weigh  again. 
From  the  three  weighings,  the  weight  of  the  p-toluidine 
and  the  bulb  can  be  obtained. 

Place  the  bulb  in  a  heating  tube  (Fig.  61)  and  raise 
it  to  a  temperature  about  35°,  i.e.  somewhat  below 
the  melting  point  of  £>-toluidine  ;  use  boiling  ether  in  the 
heating  jacket  to  obtain  this  temperature.  When  the 
bulb  and  contents  have  attained  this  temperature,  i.e.  in 
about  20  minutes,  tip  them  into  the  calorimeter,  which 
contains  about  300  c.c.  of  aniline  whose  weight  and  tem- 
perature are  known.  Stir  well,  and  determine  the  final 
temperature  by  the  method  indicated.  The  temperature 
determinations  throughout  this  experiment  should  be 
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made  with  Beckmann  thermometers.  From  the  data 
thus  obtained,  calculate  the  mean  specific  heat  of  solid 
p-toluidine. 

Remove  and  clean  the  bulb  containing  the  jp-toluidine 
and  re-heat  it,  this  time  using  boiling  alcohol  as  the 
heating  bath  ;  keep  it  in  this  bath  until  its  temperature 
is  constant.  Meanwhile,  heat  the  aniline  in  the  calori- 
meter to  50°,  i.e.  above  the  melting  point  of  j9-toluidine. 
When  the  temperatures  of  the  aniline  and  the  p- toluidine 
are  defined,  add  the  bulb  to  the  aniline  and  stir  until 
the  final  temperature  is  defined.  From  the  data  thus 
obtained,  since  the  p-toluidine  has  not  solidified,  calculate 
the  specific  heat  of  molten  _p-toluidine. 

All  the  necessary  contributory  data  having  been  deter- 
mined, the  actual  determination  of  the  latent  heat  can 
next  be  proceeded  with.  Cool  the  aniline  in  the  calori- 
meter to  atmospheric  temperature,  and  heat  the  toluidine 
up  to  the  boiling  point  of  alcohol  again.  When  the 
temperatures  of  both  are  defined,  add  the  toluidine  to  the 
aniline  and  stir  until  the  final  temperature  is  obtained. 
The  latent  heat  can  now  be  calculated,  since  this  time 
the  toluidine  has  solidified.  The  water  equivalent  of 
the  calorimeter,  and  the  heat  due  to  the  glass  tube  must 
be  taken  into  account  in  all  calculations;  (the  specific 
heat  of  glass  may  be  taken  as  0'20).  The  order  of  the 
various  determinations  as  described  above  is  the  natural 
one,  but  it  will  save  time  if  they  are  made  in  the 
following  order:  (1)  determination  of  the  melting  point; 

(2)  determination    of    the    specific    heat    of    the   solid ; 

(3)  total  heat  change  from  80°  to  the  low  temperature; 

(4)  specific  heat  of  molten  toluidine.     In  this  way  the 
loss  of  time  in  waiting  for  the  hot  aniline  to  cool  will 
be  avoided.     The  same  Beckmann  thermometer  may  be 
used  for  determinations  2  and  3,  but  another  one  must 
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be  used  for  determination  4,  or  the  original  one  must  be 
re-set. 

Calculate  the  latent  heat  of  fusion  of  £>-toluidine  from 
the  Molecular  Lowering  Constant  (see  Chapter  VII.),  by 
means  of  the  expression 

0-02T2 
~K~' 

and  compare  it  with  your  result.  The  value  of  K  for 
p-toluidine  is  53,  and  T  is  the  freezing  point  in  absolute 
degrees. 

The  following  substances  are  suitable  for  alternative 
or  additional  experiments :  Naphthalene,  M.p.  79° ;  Azo- 
benzene,  M.P.  68°;  p-dichlorobenzene,  M.P.  53°;  and 
p-nitrotoluene,  M.P.  54°. 


5.  Determination  of  the  Latent  Heat  of  Vaporisation 

The  Latent  Heat  of  Vaporisation  is  the  quantity  of 
heat  required  to  convert  one  gram  of  a  liquid  at  its 
boiling  point  into  vapour  at  the  same  temperature. 

There  are  two  methods  which  can  be  considered  here 
for  this  determination :  (i)  Calorimetric  Method,  (ii) 
Campbell  Brown's  Method. 

(i)  Calorimetric  Method.  This  method  is  open  to 
serious  inaccuracies  which  are  often  difficult  to  remove, 
particularly  in  the  case  of  liquids  of  high  boiling  point. 
The  method  consists  in  condensing  a  known  weight  of 
vapour  at  its  boiling  point  in  a  calorimeter,  and  observing 
the  temperature  change  of  the  calorimeter  liquid. 

For  the  determination,  the  ordinary  calorimeter  will 
serve,  but  the  inside  vessel  must  be  fitted  with  a  silver 
spiral  A  (Fig.  63),  which  terminates  at  the  bottom  in  a 
bulb  B,  for  holding  the  condensed  vapour.  The  bulb  is 
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open  to  the  air  by  a  tube  E.  The  liquid  whose  latent 
heat  is  to  be  determined  is  contained  in  a  flask  C, 
which  has  an  outlet  tube  passing  through  the  bottom, 
as  indicated  in  the  diagram.  The  flask  is  placed  above 
the  calorimeter,  thus  ensuring  that  the  vapour  does  not 


Fra.  63. 


condense  until  it  reaches  the  calorimeter,  and  is  heated 
by  a  ring  burner  D.  The  calorimeter  is  protected  from 
the  heat  of  the  burner  by  placing  a  thick  piece  of  wood 
W,  covered  with  asbestos  on  its  lower  side,  and  with 
copper  gauze  on  its  upper  side,  above  the  ordinary 
calorimeter  cover.  The  weight  of  the  vapour  condensed, 
is  obtained  by  weighing  the  silver  condenser  before  and 
after  the  experiment. 

If  L  be  the  latent  heat  of  vaporisation,  s  the  specific 
heat  of  the  condensed  liquid  and  w  its  weight,  t  the 
boiling  point,  wl  the  weight  of  liquid  in  the  calorimeter, 
Sj  its  specific  heat,  tl  its  initial  temperature  and  tz  its 
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final  temperature,  and  W  the  water  value  of  the  calori- 
meter and  spiral,  then 


w 


EXPERIMENT 

Determine  the  Latent  Heat  of  Vaporisation  of  Ethyl 
Alcohol.  Determine  the  water  value  of  the  calorimeter 
and  the  silver  spiral  by  the  method  described  in  section  3 
(this  chapter);  then  fill  the  calorimeter  with  water  so 
that  the  spiral  is  totally  immersed,  and  weigh  it  to  the 
nearest  centigram.  Place  the  protecting  covers  on  the 
calorimeter,  and  light  the  burner  under  the  flask,  which 
contains  about  100  c.c.  of  alcohol,  and  take  the  tempera- 
ture every  minute  until  the  alcohol  begins  to  boil,  noting 
the  time  at  which  boiling  commences.  Allow  the  alcohol 
to  boil  until  about  20  c.c.  have  distilled  over,  this  ought 
to  take  8-10  minutes.  Turn  out  the  flame  and  take 
the  temperature  again  over  a  period  of  about  1 0  minutes ; 
note  the  time  at  which  the  flame  is  turned  out.  Since 
the  addition  of  the  heated  substance  cannot  be  said  to 
take  place  at  a  given  moment,  but  extends  over  a  con- 
siderable period,  the  time  at  which  half  the  vapour  has 
been  added  must  be  taken  as  the  time  of  the  addition  of 
the  hot  substance,  for  purposes  of  calculation. 

The  method  of  arriving  at  the  initial  temperature  is 
the  same  as  previously  indicated,  that  of  reaching  the 
final  temperature  is  indicated  in  Fig.  64.  The  initial 
temperature  is  given  by  b,  the  final  temperature  by  a, 
and  the  difference  (t2  —  tj  by  the  distance  ab. 

When  the  temperature  measurements  have  been  com- 
pleted, remove  the  spiral,  carefully  dry  it  and  weigh  it. 
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This  will  give  the  weight  of  the  condensed  vapour.  The 
calculation  must  then  be  carried  out  as  indicated 
above. 

(ii)  Campbell  Brown's  Method.  The  method  just  de- 
scribed is  extremely  laborious,  and,  except  in  the  hands 
of  an  expert  experimenter,  does  not  yield  trustworthy 


Period  of  Add" 
of  Vapour 


Time    in  Minutes. 

Fio.  61. 

results.  A  method  much  easier  from  the  experimental 
point  of  view  was  devised  by  Ramsay  and  Marshall, 
which,  however,  was  only  comparative,  and  the  accuracy 
of  its  results  depended  on  the  purity  of  benzene,  which 
was  used  as  the  standard  of  comparison.  This  method 
has  been  modified  by  Campbell  Brown  (J.C.8.  98*7,  1903) 
into  an  absolute  method.  It  consists  in  heating  a  liquid 
at  its  boiling  point  by  an  electrically  heated  wire,  and 
weighing  the  amount  of  liquid  boiled  off  by  a  known 
amount  of  electrical  energy. 

The  apparatus  consists  of  a  round-bottomed  flask  C 

(Fig.  65)  of  about  100  c.c.  capacity,  fitted  with  a  neck  B 

which  is  expanded  at  the  top  A  to  about  3'5  cm.  diameter. 

The  neck  is  also  fitted  with  two  side  tubes   a  and  b, 

s.c.  o 
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which  are  bent  as  indicated  in  the  diagram.  The 
expanded  neck  is  fitted  with  a  ground  glass  stopper  S, 
which  has  a  small  hole  at  the  top  h.  The  experimental 
tube  D  is  a  thin  glass  cylindrical  vessel,  pierced  by  a  small 
hole  /  at  the  top,  and  is  about  10  cm. 
long  and  2'5  cm.  diameter.  It  contains 
a  spiral  of  thin  platinum  wire  P  about 
31  cm.  long  and  0'12  mm.  diameter, 
the  ends  of  which  are  fused  through 
the  glass  and  project  into  the  tubes 
a  and  6  respectively,  which  contain 
mercury,  and  by  which  electrical  con- 
tact is  made  between  the  spiral  and 
the  battery.  The  neck  of  the  flask 
is  fitted  with  a  glass  cover  G,  which 
has  a  side  tube  T  to  which  a  con- 
denser is  attached.  The  mercury 
contacts  are  connected  through  a 
milliammeter  reading  up  to  6  amperes 
and  an  adjustable  resistance  with  a 
battery  of  four  accumulator  cells.  A 
voltmeter,  reading  to  T^  volt  is  also 
connected  to  these  contacts  in  a 
separate  circuit  provided  with  a  key. 

To  carry  out  a  determination  with  this  apparatus, 
about  50  c.c.  of  the  liquid  are  placed  in  the  flask  C,  then 
the  experimental  tube  D  is  carefully  weighed,  and  about 
three-fourths  filled  with  the  liquid,  and  again  weighed.  It 
is  then  placed  in  position,  and  the  cap  and  cover  glass  G 
are  replaced,  and  the  liquid  in  C  is  caused  to  boil  briskly. 
This  is  allowed  to  go  on  for  exactly  20  minutes,  then 
the  boiling  is  stopped,  and  when  D  is  cool  enough,  it 
is  removed  and  re-weighed.  It  will  be  found  to  have 
lost  slightly  in  weight.  This  loss  must  be  used  to 


FIG.  65. 


THERMAL  MEASUREMENTS  211 

correct  the  final  loss  in  the  experiment.  The  tube  and 
caps  are  replaced,  and  the  liquid  in  C  set  boiling ;  in 
about  15  minutes  the  liquid  in  D  will  have  been  raised 
to  the  boiling  point.  The  current  is  then  switched  on, 
and  the  liquid  in  D  will  immediately  begin  to  boil. 
The  success  of  the  experiment  depends  on  the  boiling 
in  D  occurring  simultaneously  with  the  switching  on 
of  the  current.  This  can  always  be  ensured  by  coating 
the  spiral  with  platinum  black  before  the  experiment. 
The  best  way  to  do  this  is  to  moisten  the  spiral  witli  a 
solution  of  chloroplatinic  acid,  and  then  to  pass  a  current 
through  the  wire  to  heat  it  to  redness.  When  the  experi- 
ment has  been  successfully  started,  the  ammeter  and 
voltmeter  are  read  every  two  minutes,  the  time  and 
readings  being  noted.  The  most  suitable  current  strengtli 
to  employ  is  3-5  amperes,  which  should  be  kept  going 
for  about  20  minutes.  The  current  is  then  switched  off 
and  C  is  stopped  boiling.  Then  D  is  removed,  cooled 
and  re- weighed.  The  loss  in  weight,  minus  a  quantity 
proportional  to  the  loss  at  the  previous  heating,  represents 
the  quantity  of  liquid  evaporated  by  the  electrical  energy 
expended,  since  the  liquid  in  D  is  kept  at  its  boiling 
point  by  the  vapour  from  C,  and  the  electrical  energy 
is  only  used  to  perform  the  actual  vaporisation  at  the 
boiling  point.  The  correction  factor,  which  must  be 
applied  to  the  loss  of  weight  of  the  tube  D,  is  obtained 
thus :  suppose  in  the  previous  heating,  the  liquid  in  D 
loses  w  grams  in  t  minutes,  and  the  actual  determination 
takes  tj_  minutes,  then  the  amount  to  be  subtracted  from 

/>/ 1/ 

the  total  loss  of  weight  is  equal  to  —7-*. 

If  E  is  the  mean  electromotive  force  between  the  ends 
of  the  spiral,  as  given  by  the  voltmeter  readings,  and  C 
s.c.  0  2 
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the  current  strength  from  the  ammeter  readings,  then 

R-E 

"c1 

where  R  is  the  resistance  of  the  platinum  spiral  in  ohms. 
It  is  known  by  Joule's  Law  that  the  heating  effect  of 
a  current  is  proportional  to  the  product  of  the  resistance 
in  ohms,  the  time  in  seconds,  and  the  square  of  the 
current  strength  in  amperes  ;  i.e. 


Hence,  by  this  expression,  we  get  the  quantity  of  heat 
used  up  in  vaporising  W  grams  of  the  liquid,  where  W  is 
the  corrected  loss  of  weight  of  the  tube.  If,  then,  L 
represent  the  latent  heat  of  vaporisation, 


EXPERIMENT 

Determine  the  Latent  Heat  of  Vaporisation  of  Ether. 
Prepare  pure  anhydrous  ether  for  this  experiment  by 
shaking  up  ordinary  ether  with  two  separate  quantities 
each  of  half  its  own  volume  of  water ;  separate,  and 
allow  to  stand  over  calcium  chloride  for  3-4  hours,  then 
place  over  sodium  wire  for  2-3  hours,  and  finally  distil 
from  a  flask  containing  sodium  wire. 

Use  three  accumulators  as  the  source  of  current,  with 
a  resistance  of  1-3  ohms  in  the  circuit,  so  that  the 
ammeter  registers  O'5-l  ampere.  Allow  the  current  to 
flow  for  15  minutes.  It  is  expedient  to  carry  the  pre- 
liminary heating  over  the  same  length  of  time. 

Calculate  the  latent  heat  of  vaporisation  by  the 
formulae  given  above,  and  compare  it  with  the  value 
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obtained    from    the    molecular    rise    of    boiling    point. 

_Q-02T2 
~K~ 

K  for  ether  is  21  -5,  and  T  is  the  boiling  point  in  absolute 
degrees.  From  your  results  calculate  the  molecular 
latent  heat  of  vaporisation  ML,  where  M  is  the  mole- 
cular weight,  and  determine  the  value  of  the  expression 

— ,  which,  according  to  Trouton's  Rule,  should  be  about 

21,  and  should  have  the  same  value  for  all  liquids. 

Further  experiments  may  be  carried  out  with  benzene, 
alcohol  and  methyl-acetate. 


APPENDIX 


TABLE  I 

RELATION    BETWEEN   VOLUME   AND   APPARENT 
WEIGHT 


WATER 

MERCURY 

Tempera- 
ture 

Apparent 
Weight  of 
1  c.c.  of  Water 

Volume  of 
an  Apparent 
Grain 

Apparent 
Weight  of  Ice. 
of  Mercury 

Volume  of 
an  Apparent 
Gram 

10° 

0-9986 

1-00133 

13-5782 

0-073683 

11° 

0-9985 

1-00143 

13-5757 

0-073697 

12° 

0-9984 

1-00154 

13-5733 

0-073710 

13° 

0-9983 

1-00166 

13-5708 

0-073724 

14° 

0-9982 

1-00180 

13-5683 

0-073737 

15° 

0-9981 

1-00193 

13-5659 

0-073750 

16° 

0-9979 

1-00209 

13-5634 

0-073764 

17° 

0-9977 

1-00226 

13-5509 

0-073777 

18° 

0-9976 

1-00244 

13-5489 

0-073790 

19° 

0-9974 

1-00263 

13-5460 

0-073804 

20° 

09972 

1-00283 

13-5435 

0-073817 

21° 

0-9970 

1-00305 

13-5411 

0-073831 

22° 

0-9968 

1-00327 

13-5386 

0-073844 

23° 

0-9965 

1-00350 

13-5361 

0-073857 

24° 

0-9963 

T00375 

13-5336 

0-073871 

25° 

0-9960 

1-00400 

13-5312 

0-073884 
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TABLE  II 
DENSITY   OF   WATER 


Temperature 

Densitj7 

Temperature 

Density 

0° 

0-99986 

21° 

0-99802 

1° 

0-99992 

22° 

0-99779 

2° 

0-99997 

23° 

0-99756 

3° 

0-99999 

24° 

0-99732 

4° 

1-00000 

25° 

0-99707 

5° 

0-99999 

26° 

0-99681 

6° 

0-99996 

27° 

0-99653 

7° 

0-99993 

28° 

0-99626 

8° 

0-99987 

29° 

0-99597 

9° 

0-99981 

30° 

0-99567 

10° 

0-99973 

31° 

0-99537 

11° 

0-99963 

32° 

0-99505 

12° 

0-99952 

33° 

0-99473 

13° 

0-99940 

34° 

0-99440 

14° 

0-99927 

35° 

0-99406 

15° 

0-99913 

40° 

0-99224 

16° 

0-99898 

50° 

0-98807 

17° 

0-99880 

60° 

0-98324 

18° 

0-99862 

70° 

0-97781 

19° 

0-99843 

80° 

0-97183 

20° 

0-99823 

90° 

0-96534 
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TABLE   III 
BOILING  POINT  OF  WATER  AT  VARIOUS  PRESSURES 


Pressure 

Tempera- 
ture 

Pressure 

Tempera- 
ture 

Pressure 

Tempera- 
ture 

725  mm. 

98°'68 

745  mm. 

99°  "44 

765  mm. 

100°-18 

726     „ 

98°'72 

746     „ 

99°  '48 

766     „ 

100°'22 

727     „ 

98°'76 

747     „ 

99°  '52 

767    „ 

100°  "26 

728     „ 

98°  '80 

748     „ 

99°'55 

768     „ 

100°'29 

729    „ 

98°  '84 

749    „ 

99°'59 

769    „ 

100°-33 

730     „ 

98°'87 

750    „ 

99°  '63 

770    „ 

100°'37 

731     „ 

98°'92 

751     „ 

99°'67 

771     „ 

100°  '40 

732     „ 

98°'95 

752     „ 

99°'70 

772    „ 

100°'44 

733     „ 

98°  '99 

753     „ 

99°  74 

773     „ 

1000>47 

734     „ 

99°  '03 

754     „ 

99°'78 

774     „ 

100°'51 

735     „ 

99°  '07 

755     „ 

99°'82 

775     „ 

100°'55 

736    „ 

99°'10 

756     „ 

99°'85 

776    „ 

100°  -58 

737     „ 

99°'14 

757    „ 

99°  '89 

777    „ 

100°'62 

738     „ 

99°'18 

758     „ 

99°  '93 

778     „ 

100°  '66 

739     „ 

99°'22 

759     „ 

99°-96 

779     „ 

100°  '69 

740     „ 

9!)°'26 

760    „ 

ioo°-oo 

780    „ 

100°*73 

741     „ 

99°'29 

761     „ 

100°  '04 

781     „ 

100°-76 

742     „ 

99°'33 

762     „ 

100°'07 

782     „ 

100°-80 

743    „ 

99°  '36 

763    „ 

100°'ll 

783    „ 

100°  '84 

744     „ 

99°'41 

764    „ 

100°'15 

784     „ 

100°  "87 
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TABLE   IV 
VAPOUR  TENSION   OF   MERCURY 


Temperature 

Vapour  Tension 

Temperature 

Vapour  Tension 

70° 

0'24  mil). 

170° 

8'09  mm. 

80° 

0-35     „ 

180° 

11-00     „ 

90° 

0-51     „ 

190° 

14-84     „ 

100° 

074     „ 

200° 

19-90     ., 

110° 

1-07     „ 

210° 

26-35     „ 

120° 

1-53     ., 

220° 

34-70    „ 

130° 

2-17     „ 

230° 

45-35     „ 

140° 

3-06     „ 

240° 

58-82     „ 

150° 

4-27     „ 

250° 

75-75     „ 

160° 

5-90     ,, 

260° 

96-73     „ 

TABLE  V 
TENSION  OF  AQUEOUS  VAPOUR 


Temperature 

Vapour  Tension 

Temperature 

Vapour  Tension 

4° 

6'0  mm. 

19° 

16'4  mm. 

5° 

6-5     „ 

20° 

17'4     „ 

6° 

6-9     „ 

21° 

18-5     „ 

7° 

7-5     „ 

22° 

19-6     „ 

8° 

8-0     „ 

23° 

20-9     „ 

9° 

8-5     „ 

24° 

22-2     „ 

10° 

9-2     „ 

25° 

23-5     „ 

11° 

9-8     ,, 

26° 

25-0     „ 

12° 

10-5     „ 

27°- 

26-5     „ 

13° 

11-2     „ 

28° 

28-1     „ 

14° 

11-9     „ 

29° 

29-8     „ 

15° 

12-7     „ 

30° 

31-5     „ 

16° 

13-5     „ 

31° 

33-4     ,, 

17° 

14-4     „ 

32° 

35-4     „ 

18° 

15-3     „ 

33° 

37-4     „ 

APPENDIX 


219 


TABLE  VI 
SURFACE  TENSION  OF  WATER 


Temperature 

Specific  Cohesion 

Surface  Tension 
in  mg.  per  mm. 

Surface  Tension 
in  dynes  per  cm. 

10° 

15-103 

7-541 

74-00 

11° 

15-074 

7-526 

73-86 

12° 

15-045 

7'510 

73-70 

13° 

15-015 

7-495 

73-56 

14° 

14-985 

7-480 

73-41 

15° 

14-961 

7-465 

73-22 

16° 

14-931 

7-450 

73-11 

17° 

14-900 

7-434 

72-96 

18° 

14-877 

7-420 

72-82 

19° 

14-846 

7-404 

72-66 

20° 

.     14-823 

7-439 

72-53 

21° 

14-796 

7-374 

72-37 

22° 

14769 

7-359 

72-22 

23° 

14739 

7*344 

72-08 

24° 

14-710 

7-329 

71-93 

25° 

14688 

7-314 

71-78 

26° 

14-656 

7-298 

71-63 

27° 

14-632 

7-283 

71-48 

28° 

14-604 

7-268 

71-33 

29° 

14-579 

7-253 

71-18 

30° 

14-566 

7-238 

71-03 

31° 

14-528 

7-222 

70-88 

32° 

14-504 

7-208 

70-74 
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TABLE   VII 
WAVE  LENGTHS  OF   SPECTRUM   LINES   OF  METALS 

The  strongest  lines  are  printed  in  heavy  type 


Metal 

Colour  of  Line 

Wave  Length  in 
Angstrom  Units 

Barium 

violet 

3910-0 

violet 

3993-6 

violet 

4130-9 

blue 

4554-4 

green 

4934-2 

green 

5535-7 

green 

5777-8 

yellow 

5853-9 

orange 

6141-9 

red 

6497-0 

Caesium 

blue 

4554-4 

blue 

4593-3 

green 

5664-0 

yellow 

5845-1 

orange 

6010-6 

orange 

6210-4 

red 

6723-6 

red 

6973-9 

Calcium 

blue 

4226-9 

green 

5588-9 

orange-red 

6162-5 

red 

6499-8 

Indium 

violet-blue 

4101-8 

indigo-blue 

45111 
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Metal 

Colour  of  Line 

Wave  Length  in 
Angstrom  Units 

Potassium 

violet 

4044-3 

yellow 

5782-7 

red 

6938-8     * 

red 

7668-5 

red 

7701-9 

Copper 

violet 

4022-8 

blue 

42753 

green 

5105-7 

green 

5700-4 

green 

5782-3 

Lithium 

blue 

4602-3 

yellow 

6103-7 

red 

6708-2 

Sodium 

yellow 

5890-2 

yellow 

58961 

Rubidium 

violet 

4202-0 

violet 

4215-7 

green 

5724-4 

red 

6298-7 

red 

7805-6 

red 

7950-4 

Strontium 

blue 

4607-5 

green 

5481-1 

red 

6408-6 

red 

6550-5 

Thallium 

green 

5350-6 
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TABLE   VIII 
SPECIFIC  HEAT  OF  WATER 


Temperature 

Specific  Heat 

Temperature 

Specific  Fleat 

0° 

1-0051 

55° 

1-0051 

5° 

1-0027 

60° 

1  -0065 

10° 

1-0010 

65° 

1-0079 

15° 

i-oooo 

70° 

1-0092 

20° 

0-9994 

75° 

1-0104 

25° 

0-9993 

80° 

1-0113 

30° 

0-9996 

85° 

1-0119 

35° 

1-0003 

90° 

1-0121 

40° 

1-0013 

95° 

1-0120 

45° 

1  0024 

98° 

1-0120 

50° 

1-0037 

100° 

1-0118 

TABLE   IX 
SPECIFIC  HEAT  OF  ANILINE 


Temperature 


Specific  Heat 


15° 

0-5137 

20° 

0-5155 

25° 

0-5175 

30° 

0-5198 

35° 

0-5221 

40° 

0-5244 

45° 

0-5268 

50° 

0-5294 

52° 

0-5304 
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OWEN,  M.A.,  A.  E.  HOUSMAN,  M.A.,  and 

J.    P.    POSTGATE,    M.A.,   LlTT.D.        3    Vols. 

is.  each. 


Sallusti  Catilina  et  Jugurtha.     By  G. 

LONG,  M.A.     is.  6d. 

SophOCles.  By  F.  A.  PALEY,  M.A.,  LL.D. 
as.  6d. 

TerentiUS.      By  W.  WAGNER,  PH.D.      as. 

ThUCydides.  By  J.  W.  DONALDSON,  B.D. 
a  vols.  as.  each. 

VergiliUS.     By  J.  CONINGTON-,  M.A.    as. 

Xenophontis  Anabasis.  By  J.  F.  MAC- 
MICHAEL,  M.A.  is.  6d. 

Novum  Testamentum  Graece.    Edited 

by  F.  H.  SCRIVENER,  M.A.    41.  6d. 

Editio  Major.      Containing  the  readings 

approved  by  Bp.  Westcott  and  Dr.  Hort, 
and  those  adopted  by  the  revisers,  etc. 
Small  post  8vo.  New  Edition,  with  emen- 
dations and  corrections  by  Prof.  En. 
NESTLE.  Printed  on  India  paper,  limp 
cloth,  6s.  net ;  limp  leather,  >js.  6ii.  net ;  or 
interleaved  with  writing  paper,  limp 
leather,  ics.  6d.  net. 


Other  Editions,  Texts,  &c. 


AntholOgia  Latina.  A  Selection  of  Choice 
Latin  Poetry,  with  Notes.  By  Rev.  F.  ST. 
JOHN  THACKERAY,  M.A.  i6mo.  4^.  6d. 

AntholOgia  Graeca.  A  Selection  from  the 
Greek  Poets.  By  Rev.  F.  ST.  JOHN 
THACKERAY,  M.A.  i6mo.  41.  6d. 

AristOphaniS  Comoediae.  Edited  by  H.  A. 
HOLDEN,  LL.  D.  Demy  8vo.  i8j. 

The  Plays  separately  :  Acharnenses,  as. ; 
Equites,  is.6d.;  Nubes,  2s. ;  Vespae,  as. ; 
Pax,  as. ;  Lysistrata,  et  Thesmophoriazu- 
•ae,  4;. ;  Av'es,  as. ;  Ranae,  as. ;  Plutus,  as. 


Aristophanes,  The  Comedies  of.   The 

Greek  Text,  revised,  and  a  Metrical  Trans- 
lation on  Opposite  Pages,  together  with 
Introduction  and  Commentary.  By  BEN- 
JAMIN BICKLEY  ROGERS,  M.A.  6  vols.  Fcap. 
4to.  i$s.  each. 

Now  Ready:  Vol.  I.,  containing  The 
Acharnians  and  The  Knights,  and  Vol.  V., 
containing  The  Frogs  and  The  Ecclesia- 
zusae;  and  the  following  separate  plays: 
Acharnians,  IQJ.  6d. ;  Knights,  los.  td. ; 
Frogs,  los.  6d. ;  Ecclesiazusae,  Is.  6d. ; 
Thesmophoriazusae,  7-r.  6d. ;  Birds,  los.  6d. ; 
Plutus  (with  the  Menaechmi  of  Plautus), 
8s.  6d.  |  Mensechmi,  separately,  is.  6A. 


Select  Educational  Catalogue 


Other  Editions,  Texts,  &c.— continued 


CatullUS.  Edited  by  J.  P.  POSTDATE,  M.A., 
LITT.D.  Fcap.  8vo.  31. 

Corpus    Poetarum   Latinorum,    a    se 

aliisque  denuo  recognitorum  et  brevi  lec- 
tionum  varietate  instructorum,  edidit  JO- 
HANNES PERCIVAL  POSTGATE,  LITT.D.  2 
vols.  Large  post  4to.  25*.  net  each.  Or 
in  Five  Parts.  Parts  I.  and  II.,  121.  net 
each;  Parts  III.  and  IV.,  of.  net  each: 
Part  V.,  6s.  net. 

Corpus  Poetarum  Latinorum.    Edited  by 

WALKER,     i  thick  vol.  8vo.     Cloth,  i8s. 

Hall.  Mundus  Alter  et  Idem.  Edited 
as  a  School  Reader  by  H.  J.  ANDERSON, 
M.A.  as. 

Horace.  The  Latin  Text,  with  Conington's 
Translation  on  opposite  pages.  Pocket  Edi- 
tion. 45.  net;  or  in  leather,  $j.  net.  Also 
in  2  vols.,  limp  leather.  The  Odes,  2/.  net; 
Satires  and  Epistles,  2s.  6d.  net. 

Livy.  The  first  five  Books.  PRENDEVILLE'S 
edition  revised  by  I.  H.  FREESE,  M.A. 
Books  I.,  II.,  III.,  IV.,  V.  is.  6d.  each. 

Lucan.    The  Pharsalia.     By  C.  E.  HAS- 

KINS,  M.A.  With  an  Introduction  by 
W.  E.  HEITLAND,  M.A.  Demy  8vo.  14*. 

Lucretius.  Titi  Lucreti  Cari  de  re- 
rum  natura  libri  sex.  Edited  with 

Notes,  Introduction,  and  Translation,  by 
the  late  H.  A.  J.  MUNRO.  3  vols.  8vo. 
Vols.  I.  and  II.  Introduction,  Text  and 
Notes,  i8.f.  Vol.  III.  Translation,  6*. 

Ovid.  The  Metamorphoses.  Book  xin. 

With  Introduction  and  Notes  by  Prof.  C.  H. 
KEENE,  M.A.  as.  6d. 


Ovid.  The  Metamorphoses.    Book  XIV. 

With    Introduction    and    Notes    by  Prof. 

C.  H.  KEENE,  M.A.    as.6d. 

V  Books  XIII.  and  XIV.  together,    y.  6d. 

Persius.     A  Persii  Flacci   Satirarum 

Liber.  Edited  with  Introduction  and 
Notes  by  A.  PRETOR,  M.A.  3*.  6d.  net. 

Pindar.    Myths  from  Pindar.    Selected 

and  edited  by  H.  R.  KINO,  M.A.  With 
Illustrations.  Post  8vo.  is.  6d.  net. 

Plato.    The  Proem  to  the  Republic  of 

PlatO.  (Book  I.  and  Book  II.  chaps,  i— 10.) 
Edited,  with  Introduction,  Critical  Notes, 
and  Commentary,  by  Prof.  T.  G.  TUCKER, 
LITT.D.  6s. 

Petronii  Cena  Trimalchionis.     Edited 

and  Translated  by  W.  D.  LOWE,  M.A. 
7/.  6d.  net. 

Propertius.     Sexti  Properti  Carmina 

recognovit  J.  P.  POSTGATE,  LITT.D.  4to. 
3*.  net. 

Rutilius :  Rutilii  Claudii  Namatiani  de 

Reditu  SUO  Libri  DUO.  With  Introduc- 
tion and  Notes  by  Prof.  C.  H.  KEENE,  M.A., 
and  English  Verse  Translation  by  G.  F. 
SAVAGE  ARMSTRONG, M.A. ,  D.LiT.  71.  6d.  net. 
TheOClitUS.  Edited,  with  Introduction  and 
Notes,  by  R.  J.  CHOLMELEY,  M.A.  Crown 
8vo.  7*.  6d. 

Theognis.  The  Elegies  of  Theognis, 
and  other  Elegies  included  in  the 
Theognidean  Sylloge.  With  Introduc- 
tion, Commentary,  and  Appendices,  by 
J.  HUDSON  WILLIAMS,  M.A.  Crown  8vo. 
7*.  6d.  net. 

Thucydides.  The  History  of  the  Pelo- 
ponnesian  War.  With  Notes  and  a 
Collation  of  the  MSS.  By  the  late 
R.  SHILLETO,  M.A.  Book  I.  8vo.  6s.  6d. 
Book  II.  $/.  6d. 


Latin  and  Greek  Class  Books 


Bell's     Illustrated     Latin     Readers. 

Edited  by  E.  C.  MARCHANT,  M.A. 
Pott  8vo.     With  brief  Notes,  Vocabularies, 

and  numerous  Illustrations,     is.  each. 
Scalae   Primae.      A  Selection    of    Simple 

Stories  for  Translation  into  English. 
Scalae    Mediae.      Short      Extracts    from 

Eutropius  and  Caesar. 

Scalae  Tertiae.      Selections  in  Prose  and 
Verse   from    Phaedrus,  Ovid,  Nepos   and 


Bell's  Illustrated  Latin  Course,  for  the 

First  Year.  In  three  Parts.  By  E.  C. 
MARCHANT,  M.A. ,  and  J.  G.  SPENCER,  B.A. 
With  Coloured  Plates  and  numerous  other 
Illustrations,  is. 6d.  each. 

Bell's  Concise   Latin  Course.    Part  i. 

By  E.  C.  MARCHANT,  M.A.,  and  ].  G. 
SPENCER,  B.A.  as. 

Bell's  Concise  Latin  Course.  Part  II. 
By  E.  C.  MARCHANT,  M.A.,  and  S.  E. 
WiNBOi/r,  M.A.  as.  <K/. 


CothurnulUS.  Three  Short  Latin  Historical 
Plays,  with  Vocabularies.  By  Prof.  E.  V. 
ARNOLD,  LITT.D.  is. 

EclOgse  Latin*;  or,  First  Latin  Reading 
Book.  With  Notes  and  Vocabulary  by  the 
late  Rev.  P.  FROST,  M.A.  is.  6d. 

Latin  Exercises  and  Grammar  Papers. 

By  T.COLLINS,  M.A.    2s.  6d. 
Unseen  Papers  in  Latin  Prose  and  Verse. 

By  T.  COLLIN?,  M.A.     as.  6d. 
Latin  Unseens.    Selected  and  arranged  by 

E.  C.  MARCHANT,  M.A.    is. 
Latin  Reader  (Verse  and  Prose).     By  W. 

KING  GILLIES,  M.A.,  and  H.  J.  ANDERSON, 

M.A.    2s. 
Latin  Of  the  Empire  (Prose  and  Verse). 

By   W.   KING  GILLIES.  M.A.,  and  A.   R. 

GUMMING,  M.A.    4*.  bd. 

First  Exercises  in  Latin  Prose  Com- 
position. By  E.  A.  WELLS,  M.A.  With 
Vocabulary,  is. 

Materials  for  Latin  Prose  Composition. 
By  the  Rev.  P.  FROST,  M.A.  as.  Key,  is.  net. 


G.  Bell  y  Sons' 


Latin  and  Greek  Class  Books— continued 


Passages  for  Translation  into  Latin 

Prose.       By     Professor    H.    NETTLESHIP, 
M.A.    3;.     Key,  4*.  6d.  net. 
Easy   Translations  from  Nepos,   Caesar, 
Cicero,   Livy,  &c.,  for   Retranslation  into 
Latin.     By  T.  COLLINS,  M.A.     2J. 

Memorabilia  Latina.  By  F.  W.  LEVANDER, 

F.R.A.S.     is. 

Test  Questions  on  the  Latin  Language. 

By  F.  W.  LEVANDER,  F.R.A.S.     is.  6d. 

Latin    Syntax    Exercises.     By   L.   D. 

WAI.VWRIGHT.M.A.     Five  Parts.    8d.ea.ch. 

A  Latin  Verse  Book.    By  the  Rev.  P. 

FROST,  M.A.     zs.    Key,  $s.  net. 
Latin  Elegiac  Verse,  Easy  Exercises  in. 

By  the  Rev.  J.  PENROSE.    2s.     Key,  3*.  6<t. 

net. 
Foliorum  SilVUla.     Part  I.     Passages  for 

Translation  into  Latin  Elegiac  and  Heroic 

Verse.     By  H.  A.  HOLDEN,  LL.D.     7*.  6d. 

How  to  Pronounce   Latin.    By  j.  p. 

POSTGATE,  LITT.D.     is.  net. 


Res  Romanae,  being  brief  Aids  to  the  His- 
tory, Geography,  Literature  and  Antiquities 
of  Ancient  Rome.  By  E.  P.  COLERIDGE, 
M.A.  With  3  maps.  2s.6d. 

Climax  Prote.    A  First  Greek  Reader. 

With  Hints  and  Vocabulary.  By  E.  C. 
MARCHANT,  M.A.  With  30  illustrations. 
is.  6d. 

Greek  Verbs.  By  I.S.BAIRD.T.C.D.  u.6d. 
Analecta  Grseca  Minora.  With  Notes  and 

Dictionary.     By  the  Rev.  P.  FROST,  M.A. 

is. 
Unseen  Papers  in  Greek  Prose  and  Verse. 

By  T.  COLLINS,  M.A.    3^. 

Notes  on  Greek  Accents.    By  the  Rt.  Rev. 

A.  BARRY,  D.D.     is. 

Res  Graecae.  Being  Aids  to  the  study  of 
the  History,  Geography,  Archaeology,  and 
Literature  of  Ancient  Athens.  By  E.  P. 
COLERIDGE,  M.A.  With  $  Maps,  7  Plans, 
and  17  other  illustrations.  Jj. 

1  Notabilia  Quaedam.    n. 


Bell's  Classical  Translations 

Crown  8vo.     Paper  Covers,     is.  each 


Translated  by  WALTER  HEAD 
I.AM,  LITT.D.  Agamemnon — The  Suppliants 
—  Choephoroe  —  Eumenides—  Prometheus 
Bound— Persians — Seven  against  Thebes. 
Aristophanes:  The  Acharnians.  Trans- 
lated by  W.  H.  COVIXGTON.  B.A. 

The    Plntus.      Translated    by    M.     T. 

CJUINN,  M.A. 

Caesar's  Gallic  War.  Translated  by  W.  A. 
M'DEVITTE,  B.A.  2  Vols.  (Books  I.-IV., 
and  Books  V.-VII.). 

Cicero:  Friendship  and  Old  Age.  Trans- 
lated by  G.  H.  WELLS,  M.A. 

Orations.      Translated  by  Prof.  C.  D. 

YONGE,  M.A.     6  vols.      Catiline,  Murena, 
Sulla  and  Archias  (in  one  vol.),  Manilian 
Law,  Sextius,  Milo. 

Demosthenes  on  the  Crown.  Translated 
by  C.  RANN  KENNEDY. 

Euripides.  Translated  by  E.  P.  COLERIDGE, 
M.A.  14  vols.  Medea  —  Alcestis— Hera- 
cleidae — Hippolytus — Supplices — Troades — 
Ion — Andromache  —  Bacchae  —  Hecuba  — 
Hercules  Furens  —  Orestes — Iphigenia  in 
Tauris. 

Homer'S Iliad.  Bks.  I.andII.,Bks.  III.-IV.. 
Bks.  V.-VL,  Bks.  VII.-VIIL,  Bks.  IX-X., 


BksiXL-Xll,  Bks.  XIII. and XIV.'  Trans' 
lated  bv  E.  H.  BLAKENEY,  M.A.  7  vols. 

Book  XXIV.  Translated  by  E.  H. 

BLAKENEY,  M.A. 

Horace.  Translated  by  A.  HAMILTON 
BRYCE,  LL.D.  4  vols.  Odes,  Books  I.  and 
II.— Odes,  Books  III.  and  IV.,  Carmen 
Seculare  and  Epodes— Satires— Epistles 
and  Ars  Poetica. 

Livy.  Books!.,  II.,  III.,  IV.  Translated  by 
J.  H.  FREESE,  M.A.  With  Maps.  4  vols. 


LiVV.  Books  V.  and  VI.  Translated  by  E.  S. 
WEYMOUTH,  M.A.Lond.  With  Maps. "2  vols. 

Book    IX.      Translated    by     FRANCIS 

STORR,  M.A.    With  Map. 

Books   XXI.,  XXII.,   XXIII.    Trans. 

lated  by  J.  BERNARD  BAKER,  M.A.     3  vols. 

Lucan:  The  Pharsalia.  Book  I.  Trans- 
lated by  FREDERICK  CONWAY,  M.A. 

Ovid's  Fasti.  Translated  by  HENRY  T. 
RILEY,  M.A.  3  vols.  Books  I.  and  II.— 
Books  III.  and  IV.— Books  V.  and  VI. 

Tristia.      Translated     by     HENRY     T. 

RILEY,  M.A. 

PlatO :  Apology  of  Socrates  and  Crito  (i  vol.), 
Phzedo,  and  Protagoras.  Translated  by  H. 
GARY,  M.A.  3  vols. 

PlautUS :  Trinummus,  Aulularia,Mena;chmi, 
and  Captivi.  Translated  by  HENRY  T. 
RILEY,  M.A.  4  vols. 

SophOCles.  Translated  by  E.  P.  COLE- 
RIDGE, M.A.  ^  vols.  Antigone — Philoc- 
tetes— CEdipus  Rex — CEdipus  Coloneus — 
Electra— Trachi  n  i  as— Aj  ax . 

ThUCydides.  Book  VI.  Translated  by 
E.  C.  MARCHANT,  M.A. 

Book   VII.    Translated  by  E.  C.  MAR- 


CHANT,  M.A. 

Virgil.  Translated  by  A.  HAMILTON  BRYCE, 
LL.D.  6  vols.  Bucolics  —  Georgics  — 
^neid,  1-3 — ^neid,  4-6 — ^Sneid,  7-9 — 
y^Eneid,  10-12. 

Xenophon'S  Anabasis.  Translated  by  the 
Rev.  J.  S.  WATSON,  M.A.  With  Map,  3 
vols.  Books  I.  and  II.— Books  III.,  IV., 
and  V.— Books  VI.  and  VI I. 

Hellenics.  Books  I.  and  II.  Trans- 
lated by  the  Rev.  H.  DALE,  M.A. 

For  other  Translations  from  the  Classics,  see  the  Catalogue  of  Bonn's 
Libraries,  which  will  be  forwarded  on  application. 


Select  Educational  Catalogue 


MATHEMATICS 

Full  Catalogue  of  Mathematical  Books  post  free  on  application 

Cambridge  Mathematical  Series 


Public  School  Arithmetic.    By  w.  M. 

BAKER,  M.A.,  and  A.  A.  BOURNE,  M.A. 
35.  6-/.  Or  with  Answers,  45.  6<i. 

The  Student's  Arithmetic.    By  W.  M. 

BAKER,   M.A.,  and  A.   A.  BOURNE,  M.A. 

With  or  without  Answers.     zs.  6tl. 
New  School  Arithmetic.     By  C.  PENDLE- 

BURY,  M.A.,  and  F.  E.   ROBINSON,   M.A. 

With  or  without  Answers.     45.   6d.      In 

Two  Parts.     2j.  6d.  each. 

Key  to  Part  II.,  8*.  6<L  net. 
New    School    Examples    in    a    separate 

volume,  31.  Or  in  Two  Parts,  is.  bd.  and  2;. 
Arithmetic,    with  8000  Examples.     By  C. 

PENDLEBURY,  M.A.    45.  bd.    In  Two  Parts. 

it.  bd.  each. 

Key  to  Part  II.,  >js.  6ii.  net. 

Examples  in  Arithmetic.  Extracted  from 
the  above.  3*.  Or  in  Two  Parts,  u.  bd. 
and  21. 

Commercial  Arithmetic.  By  C.  PENDLE- 
BURY, M.A.,  and  W.  S.  BEARD,  F.R.G.S. 
as.  6d.  Part  I.  separately,  is.  Part  II.,  is.  6d. 

Arithmetic  for  Indian  Schools.     By  C. 

PENDLEBURY,  M.A.,  and  T.  S.  TAIT.    3\r. 
Examples  in  Arithmetic.  By  C.  O.TUCKEY, 
M.A.     With  or  without  Answers,  3*. 

Junior  Practical  Mathematics.    By  W. 

J.  STAINER,  B.A.  2s.,  with  Answers, 
2.r.  6d.  Part  I.,  is.  4^.,  with  Answers,  is.  6d. 
Part  II.,  is.  4d. 

Elementary  Algebra.    By  W.  M.  BAKER, 

M.A.,  and  A.  A.  BOURNE,  M.A.  With  or 
without  Answers.  4*.  6d.  In  Two  Parts. 
Part  I.,  as.  bd.,  or  with  Answers,  y.  Part 
II.,  with  or  without  Answers,  as.  6d. 

Key,  i os.  net  5  or  in  a  Parts,  $s.  net  each. 
Examples  in  Algebra.    Extracted  from 

above.  With  or  without  Answers,  35.  Or 
in  Two  Parts.  Part  I.,  if.  6d.,  or  with 
Answers,  zs.  Part  II.,  with  or  without 
Answers,  zs. 

Examples  in  Algebra.    By  C.  O.  TUCKEY, 

M.A.     With  or  without  answers.    3*. 

Supplementary  Examples,    bd.  net. 

Elementary  Algebra  for  use  in  Indian 

Schools.   ByJ.T.  HATHORNTHWAITE.M.A. 

2S. 

Choice  and  Chance.  By  W.  A.  WHIT- 
WORTH,  M.A.  7-r.  6d. 

DCC  Exercises,  including  Hints  for 

the  Solution  of  all  the  Questions  in  "  Choice 
and  Chance."  6s. 

Euclid.  Books  I.— VI.,  and  part  of  Book  XI. 
By  HORACE  DEIGHTON,  M.A.  4-r.  6d.,  or 
Book  I.,  is.  Books  I.  and  II.,  is.  6d.  Books 
t.— III.,  as.  6d.  Books  I.— IV.,  3*.  Books 
ill.  and  IV.,  is.  6d.  Books  V.— XI.,  as.  bd. 

Introduction   to    Euclid.     By  HORACE 

DEiGHTON,M.A.,andO.EMTAGE,  B.A.  is.f>d. 
Euclid.     Exercises  on  Euclid  and  in  Modern 
Geometry.  By  ].  MCDOWELL,  M.A.    6s. 

Elementary  Graphs.  By  W.  M.  BAKER, 
M.A.,  and  A.  A.  BOURNE,  M.A.  6d.  net. 


A  New  Geometry.  By  W.M.  BAKER,  M.A., 

and  A.  A.  BOURNE,  M.A.  Crown  8vo.  2s.  fid. 

Elementary  Geometry.  By  W.M.  BAKER, 
M.A.,and  A.  A.  BOURNE,  M.A.  4*.  6d.  Or 
in  Parts.  Book  I.,  i*.  Books  I.  and  II., 
is.bd.  Books  I.-III.,u.6d.  Books  II.  and  III., 
IT.  6d.  Book  IV.,  is.  Books  I. -IV.,  y. 
Books  II.-IV.,  zs.  bd.  Books  III.  and  IV., 
u.  6d.  Book  V.,  is.  6d.  Books  IV.  and  V., 
as,  Books  IV.-VII.,  3;.  Books  V.-VIL, 
as.  6d.  Books  VI.  and  VII.,  is.  6d. 
Answers  to  Examples,  6d.  net.  Key,  6s.  net. 

Examples  in  Practical  Geometry  and 

Mensuration.  By  J.W.  MARSHALL,  M.A., 
and  C.  O.  TUCKEY,  M.A.,  is.  6d 

A  New  Trigonometry  for  Schools.    By 

W.  G.   BORCHARDT,   M.A.,   and  the  Rev. 
A.  D.  PERROTT,  M.A.    4*.  6d.   Or  in  Two 
Parts,  as.  6ii.  each. 
Key,  IQS.  net ;  or  in  2  Parts,  $s.  net  each. 

Elementary  Trigonometry.    By  CHARLES 

PENDLEBURY,  M.A.,  F.R.A.S.    41.  6d. 

Short  Course  of  Elementary  Plane  Tri- 
gonometry. By  CHARLES  PENDLEBURY, 
M.A.  as.  bd. 

Elementary  Trigonometry.  By  j.  M. 
DYER,  M.A.,  and  the  Rev.  R.  H.  WHIT- 
COMBE,  M.A.  4s.  6d. 

Algebraic  Geometry.    By  w.  M.  BAKER, 

M.A.     bs.     Part  I.  (The  Straight  Line  and 
Circle),  2s.  6d.     Key,  <]*.  6d.  net. 

Practical  Solid  Geometry.    By  the  Rev. 

PERCY  UNWIN,  M.A.    41.  6d. 

Analytical  Geometry   for   Beginners. 

By  Rev.  T.  G.  VYVYAN,  M.A.    Part  I.    The 
Straight  Line  and  Circle,    as.  6d. 
Conic  Sections,  treated  Geometrically.    By 
W.  H.  BESANT.SC.D.,  F.R.S.  4s.6d.   Key, 
$s.  net. 

Elementary  Conies,  being  the  first  8  chap- 

ters  of  the  above.    2s.  6d. 
Conies,  the  Elementary  Geometry  of. 

By  Rev.  C.  TAYLOR,  D.D.    $/. 

Differential  Calculus   for   Beginners, 

By  A.  LODGE,  M.A.     With  Introduction  by 
Sir  OLIVER  LODGE.    41.  bd. 

Integral  Calculus  for  Beginners.    By 

A.  LODGE,  M.A.    45.  6d. 

Roulettes  and  Glissettes.    By  W.  H. 

BESANT,  Sc.D.,  F.R.S.    $s. 
Geometrical     OptiCS.       An     Elementary 
Treatise  by  W.  S.  ALOIS,  M.A.    4s. 

Practical  Mathematics.  By  H.  A .  STERN, 

M.A.,and  W.  H.TOPHAM.  6s.;  or  Part  I., 
25.  bd.',  Part  II.,  3*.  6d. 
Elementary   Hydrostatics.    By  w.  H. 

BESANT,  Sc.D.    4s.  bd.     Solutions,  $s  net. 

Elements  of  Hydrostatics.  By  c.  M. 
JESSOI',  M.A.,  and  G.  W.  GAUNT,  M.A. 
as.  bd. 

Elementary  Mechanics.  ByC.  M.JESSOP, 
M.A.,  and  J.  H.  HAVELQCK,  M.A.,  D.Sc. 
4s.  §d. 
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Experimental  Mechanics  for  Schools. 

By    FRED    CHARLES,    M.A.,    and   W.    H. 
HEWITT,  B.A.,  B.Sc.     3*.  bd. 

The  Student's  Dynamics.    Comprising 

Statics  and  Kinetics.     By  G.  M.  MINCHIN, 
M. A.,  F.R.S.     3/.  6d. 

Elementary    Dynamics.     By    W.    M. 

BAKER,  M.A.     New  Revised  Edition,  41.  ftd. 
Key,  los.  6d.  net. 

Elementary  Dynamics.  ByW.GARNErr, 

M.A.,  U.C.L.    6,. 

Dynamics,    A    Treatise   on.      By    W.    H. 
BESANT,  Sc.D.,  F.R.S.     lot.  6d. 


Heat,  An  Elementary  Treatise  on. 
GARNETT,  M.  \.,  D.C.L.    41.  6d. 


By  W. 


Elementary  Physics,  Examples  and  Ex- 
amination Papers  in.  By  W.  GALLATLY, 
M.A.  45. 


Mechanics,    A  Collection  of    Problems  in 
Elementary.    By  W.  WALTON,  M.A.    6t. 

Uniform  Volume 
Geometrical  Drawing.    For  Army  and 

other  Examinations.  By  R.  HARRIS,  ai.  ftd. 


The  Junior  Cambridge  Mathematical  Series. 


A  Junior  Arithmetic.  ByC.  PENDLEBURY, 
M.A.,  and  F.  E.  ROBINSON,  M.A.  15.  6d 
With  Answers.  2s. 

Examples  from  a  Junior  Arithmetic. 

Extracted    from     the    above,    is.  ;     with 
Answers,  is.  6d. 


A  First  Algebra.    Bj 


W.M.  BAKER,  M.A., 
is.  6d.;  or  with 


hSy  V 

and  A.  A.  BOURNE,  M.A. 
Answers,  2s. 

A  First  Geometry.     By  W.  M.  BAKER, 

M.A.,  and  A.  A.  BOURNE,  M.A.    With  or 
without  Answers,     is.  6d. 

Elementary  Mensuration.    By  w.  M. 

BAKER,  M.A. , and  A.A.BocRNE.M.A.  is.6d. 


Other   Mathematical  Works 


The  Mathematical  Gazette.    Edited  by 

W.  J.  GREENSTREET,  M.A.  (Jan.,  March, 
May,  July,  Oct.  and  Dec.)  is.  6d.  net. 

rjhe  Teaching  of  Elementary  Mathe- 
matics, being  the  Reports  of  the  Committee 
of  the  Mathematical  Association.  6d.  net. 

The  Teaching  of  Mathematics  in  Pre- 
paratory Schools.  Report  of  the  Mathl. 
Assn.  Committee,  Nov.,  1907.  3^.  net. 

The  Teaching  of  Elementary  Algebra 
and  Numerical  Trigonometry.  Being 

the  Report  of  the  Mathl.  Assoc.  Committee, 
IQII.  3d.  net. 

The  Correlation  of  Mathematics  and 

Science.  Report  of  the  Mathl.  Assn. 
Committee.  6d.  net. 

A   New  Shilling  Arithmetic.      By  C. 

PENDLEBURY,  M.A.,  and  F.  E.   ROBINSON, 
M.A.     is.  ;  or  with  Answers,  is.  41!. 
A    Shilling    Arithmetic.        By    CHARLES 
PENDLKBURY,    M.A.,    and   W.    S.   BEARD, 
F.R.G.S.     is.     With  Answers,  is.  4d. 

Elementary  Arithmetic.     By  the  same 

Authors,  is.  6<i.  With  or  without  Answers. 

Graduated   Arithmetic,  for  junior  and 

Private  Schools.  Bv  the  same  Authors. 
Parts  I.,  II.,  and  III.,  3  I.  each  ;  Parts  IV., 
V.,  and  VI.,  4^.  each  ;  Part  VII.,  64. 

Answers  to   Parts  I.   and   II.,  ±d.  net; 
Parts  III.-VII..4J.  net  each. 
Arithmetic  for  the  Standards  (Scheme 

B).  Standard  I.,  sewed,  id.,  cloth,  $d. ; 
II.,  III.,  IV.,  and  V., sewed,  3^. each, cloth, 
*d.  each;  VI.  and  VII.,  sewed,  46.  each, 
cloth,  6d.  each.  Answers  to  each  Stand- 
ard, 4d.  net  each. 

Test  Cards  in  Arithmetic  (Scheme  B). 

ByC.PKNDLEBURY.M.A.  For  Standards  II., 
HI,,  IV.,  V.,  VI.  and  VII.  it.  net  each. 


Examination  Papers  in  Arithmetic.  By 

C.  PENOLEBURY,  M.A.  as.bd.  Key,  $s.  net. 
New  Edition. 

Bell's  New  Practical  Arithmetic.    By 

W.  J.  STAINER,  M.A.  ist,  2nd,  3rd,  4th, 
5th  and  6th  Years,  paper,  3d.  each,  cloth, 
4d.  each;  ?th  Year,  paper,  4**.,  cloth,  6^. 
Teachers'  Books,  8d.  net  each  Year. 

Bell's  New  Practical  Arithmetic  Test 

Cards,  for  the  and,  3rd,  4th,  sth,  6th,  and 
jth  years,     is.  $d.  net  each. 
Graduated  Exercises  in  Addition  ^Simple 

and  Compound).     By  W.  S.  BEARD,     is. 

Algebra  for  Elementary  Schools.     By 

W.  M.  BAKER,  M.A.,  and  A.  A.  BOORNE, 
M.A.  Three  stages,  6d.  each.  Cloth,  8^. 
each.  Answers,  41.  net  each. 

A  First  Year's  Course  in  Geometry 
and  Physics.  By  ERNEST  YOUNG,  M.A., 
B.Sc.  2s.6d.  Parts  I.  and  II.  is.6d.;  or 
Part  III.  is. 

Trigonometry,  Examination  Papers  in. 
By  G.  H.  WARD,  M.A.  as.6d.  Key.jJ.  net. 

Euclid,  The  Elements  Of.  The  Enuncia- 
tions and  Figures.  By  the  late  J.  BRASSE, 
D.D.  if.  Without  the  Figures.  6d. 

Hydromechanics.  By  W.  H.  BESA.VT, 
Sc.D.,  and  A.  S.  RAMSEY,  M.A.  Part  I., 
Hydrostatics.  6s. 

Hydrodynamics  and  Sound,  An  Elemen- 
tary Treatise  on.  By  A.  B.  BASSET,  M.A., 
F.R.S.  8s. 

The  Geometry  of  Surfaces.     By  A.  B. 

BASSET.  M.A.,  F.R.S.     los.  61. 

Elementary    Treatise   on    Cubic    and 

QuartiC  Curves.  By  A.  B.  BASSET,  M.  A., 
F.R.S.  ios.  6d. 

Analytical  Geometry.  By  Rev.  T.  G, 
VYVYAN,  M.A.  4/«  6d, 


Select  Educational  Catalogue 


Book-keeping 


Book-keeping  by  Double  Entry,  Theo- 
retical, Practical,  and  for  Exsmination 
Purposes.  By  J.  T.  MEDHURST,  A.K.C., 
F.S.S.  is.  6d. 

Book-keeping,  Examination  Papers  in. 
Compiled  by  JOHN  T.  MEDHURST,  A.K.C., 
F.S.S.  3*.  Key,  v.  6d.  net. 


BOOk-keeping,  Graduated  Exercises  and 
Examination  Papers  in.  Compiled  by  P. 
MURRAY,  F.S.S.S.,  F.Sc.S.  (Lond.).  2s.  6d. 

Text-Book  of  the  Principles  and  Prac- 
tice of  Book-keeping  and  Estate- 
Office  Work.  By  Prof.  A.  W,  THOMSON. 
B.Sc.  5j. 


ENGLISH 


Mason's  New  English  Grammars.     Re- 
vised by  A.  J.  ASHTON,  M.A. 
A  Junior  English  Grammar,     is. 
Intermediate  English  Grammar,     2s. 
Senior  English  Grammar.    y.  6J. 

GRAMMARS 

By  C.  P.  MASON,  B.A.,  F.C.P. 
First  Notions  of  Grammar  for  Young 

Learners,    is. 
First  Steps  in  English  Grammar,  for 

Junior  Classes,    is. 
Outlines  of  English  Grammar,  for  the 

Use  of  Junior  Classes,    2s. 

English  Grammar ;  including  the  principles 
of  Grammatical  Analysis.  $s.  6d. 

A  Shorter  English  Grammar.    3*.  6d. 
Practice  and  Help  in  the  Analysis  of 

Sentences,    a;. 
English  Grammar  Practice,    is. 

Elementary  English  Grammar  through 
Composition.  By  J.  D.  ROSE,  M.A.  is. 

Preparatory  English  Grammar.  By 
W.  BENSON,  M.A.  8d. 

Rudiments  of  English  Grammar  and 

Analysis.    By  ERNEST  ADAMS,  PH.D.    is. 

Examples   for  Analysis   in   Verse   and 

Prose.    Selected  by  F.  EDWARDS,     is. 

The  Paraphrase  of  Poetry.    By  EDMUND 

CANDLER.     is.  6,1. 

Essays  and  Essay-Writing,  for  Public 

Examinations.     By  A.  W.  READY,  B.A. 

3*.  bd. 

Precis  and  Precis-Writing.     By  A.  W. 

READY,  B.A.  3*.  6d.   Or  without  Key,  zs.  6d. 

Elements  of  the  English  Language.    By 

ERNEST  ADAMS,   PH.D.     Revised  by  J.  F. 
DAVIS,  M.A.,  D.LiT.    4*.  6d. 

History  of  the  English  Language.    By 

Prof.  T.  R.  LOUNSBDRY.    $s. 

Ten  Brink's  Early  English  Literature. 

3  vols.     3*.  6a.  each. 

Introduction    to    English  Literature. 

By  HENRY  S.  PA \COAST.     fj.  net. 

A  First  Book  of  English  Literature.    By 

HENRY  S.  PANCOAST  and  PERCY  VAN  DYKE 
SHELLY.    Crown  8vo.    51.  net, 


Introduction  to  American  Literature. 

By  H.  S.  PANCOAST.    4*.  bd. 

The  Foreign  Debt  of  English  Literature. 

By  T.  G.  TUOKER,LITT.D.  PostSvo.  6.s.  net. 

Handbooks    of    English     Literature. 

Edited  by  Prof.  HALES.    3*.  6d.  net  each. 
The  Age  of  Chaucer.  (1346-1400.)  By  F.  J. 

SNELL. 
THK  AGE  OF  TRANSITION  (1400-1580).     By 

F.  J.  SNELL,  M.A.      a  vols. 
The  Age  of  Shakespeare  (1579-1631).     By 

THOMAS  SECCOMBE  and  J.  W.  ALLEN. 

a  vols.      Vol.   I.      Poetry   and    Prose. 

Vol.   II.     Drama. 
The  Age  of   Milton.     (1633—1660.)     By 

the  Rev.  J.  H.  B.  MASTERMAN,  M.A., 

with    Introduction,    etc.,  by    J.    BASS 

MULLINOER,  M.A. 
The  Age  of  Dryden.     (1660—1700.)    By 

R.  GARNETT,  LL.D.,  C.B. 
The  Age    of    Pope.      (1700—1744.)      By 

JOHN  DENNIS. 
The  Age  of  Johnson.      (1744—1798.)     By 

THOMAS  SECCOMBE. 
The  Age  of  Wordsworth.    (1798—1832.) 

By  Prof.  C.  H.  HERFORD,  LiTT.D. 
The  Age  of  Tennyson.    (1830—1870.)    By 

Prof.  HUGH  WALKER. 

Notes  on  Shakespeare's  Plays.     With 

Introduction,  Summary,  Notes  (Etymologi- 
cal and  Explanatory),  Prosody,  Grammati- 
cal Peculiarities,  etc.  By  T.  DUFF  BAR- 
NETT,  B.A.  is.  each. 

Midsi  rumer  Night's  Dream.  —  Julius 
Caesar.  —  The  Tempest.  —  Macbeth.— 
Henry  V.— Hamlet.— Merchant  of  Venice. 
—King  Richard  II.— King  John.— King 
Richard  III. — King  Lear. — Coriolanus. — 
Twelfth  Night.— As  You  Like  It.— Much 
Ado  About  Nothing. 

Principles  of  English  Verse.    By  C.  M. 

LEWS.     jj.  net. 
Introduction  to  Poetry.   By  RAYMOND  M. 

ALDEN.     5*. 

General   Intelligence    Papers.      With 

Exercises  in  English  Composition,  By 
G.  BLUNT. 2s.  6d. 
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Bell's  English  Texts  for  Secondary  Schools 

Edited  by  A.  GUTHKELCH,  M.A. 


Browning's  The  Pied  Piper,  and  other 

Poems.     Edited  by  A.  GUTHKELCH.     8d. 
Fairy    Poetry.      Selected   and    edited    by 
R.  S.  BATE,  M.A.     is. 

Hawthorne's  Wonder  Book  and  Tangle- 
wood  Tales.  Selected  and  edited  by  H. 
HAMPSHIRE,  M.A.  is. 

Kingsley'S  Heroes.  Edited  by  L.  H.  POND, 
B.A.  With  2  maps.  if. 

Lamb's     Tales     from     Shakespeare. 

Selected  and  edited  by  R.  S.  BATE,  M.A. 
lod. 

Stories  of  King  Arthur,  from  Malory 

and  Tennyson.      Edited  by  K.  S.  BATE, 
M.A.     u. 

Charles  Reade's  The  Cloister  and  the 

Hearth.      Abridged    and    edited    by  the 
Rev.  A.  E.  HALL,  B.A.     is. 
Scott's  A  Legend  of  Montr ose.   Abridged 
and  edited  by  F.  C.  LUCKHURST.     is. 


Hakluyt'S  Voyages.      A  Selection  edited 
by  the  Rev.  A.  E.  HALL,  B.A.     is. 

Coleridge's  The  Ancient  Mariner ;  and 
Selected  Old  English  Ballads.    Edited 

by  A.  GUTHKELCH,  M.A.     is. 

Selections    from    Boswell's    Life    of 

Johnson.    Edited  by  E.  A.  J.  MARSH,  M.A. 
is. 

Selections  from  Ruskiri.    Edited  by  H. 

HAMPSHIRE,  M.A.     is. 

LOCkhart'S    Life     Of    Scott.      Selections 
edited  by  A.  BARTER,  LL.A.     is. 

Charles  Lamb's  Selected  Essays  and 

Letters.     Edited  by  A.  GUTHKELCH,  M.A. 
With  Map  of  London,     is.  ^d. 

Selections  from  Carlyle.      Edited    by 

ELIZABETH  LEE.     is. 

English  Odes.      Edited  by  E.  A.  J.  MARSH, 
M.A.     is. 


Bell's    English  Classics 


Bacon's  Essays.      (Selected.)      Edited    by 
A.  E.  ROBERTS,  M.A.     is. 

Browning,  Selections  from.    Edited  by 

F.  RYLAND,  M.A.     is.  6d. 

Strafford.    Edited  by  E.  H.  HICKEY. 

is.  6d. 

Burke's  Letters  on  a  Regicide  Peace. 

I.  and  II.  Edited  by  H.  G.  KEENE,  M.A., 
C.I.E.  is.  6d. 

Byron's  Siege  of  Corinth.    Edited  by  P. 

HORDERN.       IS. 

Byron's    Childe    Harold.      Edited    by 

H.  G.  KEENE,  M.A.,  C.I.E.  a*.  Also 
Cantos  I.  and  II.,  sewed,  is.  Cantos 
III.  and  IV.,  sewed,  is. 

Carlyle's   Hero  as    Man   of   Letters. 

Edited  by  MARK  HUNTER,  M.A.      is.  6d. 

Hero    as   Divinity.       By    MARK 

HUNTER,  M.A.     is,  6d. 

Cha,ucer's   Minor    Poems,    Selections 

from.  Edited  by  J.  B.  BILDERBECK,  M.A. 
is.  td. 

De  Quincey's  Revolt  of  the  Tartars 
and  the  English  Mail-Coach.    Edited 

by  CECIL    M.   BARROW,   M.A.,  and  MARK 
HUNTER,  M.A.    2f. 
V  Revolt  of  the  Tartars,  separately,    is. 

Opium    Eater.        Edited     by     MARK 

HUNTER,  M.A.     2f.  6d. 

Goldsmith's    Gcod-Natured   Man   and 
She  Stoops  to  Conquer.    Edited  by  K. 

DEIGHTON.     Each,  is. 
V  The  two  plays  together,  if.  6d. 

Traveller   and  Deserted  Village. 

Edited  by  the  Rev.  A.  E.  WOODWARD,  M.A. 
Cloth,  is.  6d.t  or  separately,  sewed,  lod. 
each. 


Irving's  Sketch  Book.     Edited  by  R.  G. 
OXENHAM,  M.A.    Sewed,  is.  6d. 

Johnson's  Life  of  Addison.    Edited  by 

F.  RYLAND,  M.A.     it. 

Life  Of  Swift.     Edited  by  F.  RYLAND, 

M.A.     is. 

Life  Of  Pope.     Edited  by  F.  RYLAND, 

M.A.     is. 

V  The  Lives  of  Swift  and  Pope,  together, 
sewed,  2s.  6d. 

Johnson's  Life  of  Milton.   Edited  by  F. 

RYLAND,  M.A.     is.  6d. 

Life  Of  Dryden.    Edited  by  F.  RYLAND, 

M.A.     is.  6d. 

%*  The    Lives    of     Milton     and     Dryden, 
together,  sewed,  is.  6d. 

—  Lives    of    Prior    and    Congreve. 

Edited  by  F.  RYLAND,  M.A.     is. 

Kingsley's   Heroes.      Edited   by  A.   E. 

ROBERTS,  M.A.     Illus.     is.  6</.     Sewed,  is. 
Lamb's  Essays.      Selected  and  Edited  by 
K.  DEIGHTON.     is.  6d. 

Longfellow,  Selections   from,    includ- 
ing Evangeline.    Edited  by  M.  T.  QUINN, 

M.A.     if.  td. 
*»*  Evangeline,  separately,  sewed,  lod. 

Macaulay's   Lays   of  Ancient   Rome. 

Edited   by  P.   HORDERN.     if.  6d. 

Essay    on    Clive.      Edited  by  CECIL 

BARROW,  M.A.     if.  6d. 

Massinger's  A  NewWay  to  Pay  Old  Debts. 

Edited  by  K.  DEIGHTON.     is.  bd. 

Milton's  Paradise  Lost.  Books  III.  and  IV. 

Edited  by  R.  G.  OXENHAM,  M.A.     if.j   or 
separately,  sewed,  iod.  each. 
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Milton's  Paradise  Regained.    Edited  by 

K.  UEIGHTON.     is. 

Pope's  Essay  on    Man.     Edited   by  F. 

RYLAND.  M.A.     is. 

Pope,  Selections  from.      Edited  by  K. 

OKIOHTON.    is.  6d. 
Scott's  Lady  of  the  Lake.     Edited  by 

the  Rev.  A.  E.  WOODWARD,  M.A.     a/.  6d. 
The  Six  Cantos  separately,  sewed,  6d.  each. 


Shakespeare's  Julius  Caesar.    Edited  by 
T.  DUFF  BARNETT,  B.A.  (Lond.).     it.  6d. 

—  Merchant   of  Venice.     Edited  by 

T.  DUFF  BARNETT,  B.A.  (Lond.).     is.  6d. 

Tempest.    Edited  by  T.  DUFF  BARNETT, 

B.A.  (Lond.).     it.  6d. 

Wordsworth's     Excursion.       Book     I. 
Edited  by  M.T.QuiMN,  M.A.    Sewed,    is. 


English  Readings. 

With   Introductions   and   Notes.       i6mo. 


Burke  :  Selections.  Edited  by  BLISS  PERRY. 


2S.   6d. 

Byron:  Selections. 

PENTER.     2s.  6d. 


Edited  by  F.  I.  CAR- 


Coleridge :  Prose  Selections.    Edited  by 

HENRY  A.  BEERS.     zs. 

Dryden  :  Essays  on  the  Drama.    Edited 

by  WILLIAM  STRUNK.     2s. 


Johnson:  Prose  Selections. 
C.  G.  OSGOOD.    3*. 


Edited  by 


Milton:  Minor  English  Poems.    Edited 

by  MARTIN  W.  SAMPSON,     zs.  6*1. 

Swift:    Prose    Selections.     Edited    by 

FREDERICK  C.  PRESCOTT.     2s.  6d. 

Tennyson :  The  Princess.  Edited  by  L.  A. 

SHERMAN,     zs. 

Thackeray :  English  Humourists.  Edited 


by  WILLIAM  LYON  PHELPS.     zs. 

Readers 


York  Readers.  A  new  series  of  Literary 
Readers,  with  Coloured  and  other  Illus- 
trations. 

Primer  I.     3d.     Primer  II.     46. 
Infant  Reader.    6d. 
Introductory  Reader.    8d. 
Reader,   Book   I.    gd.      Book   II.     lod. 
Book  III.  is.    Book  IV.     is.  yl.  Book 
V.    is.  6d. 

York  Poetry  Books.  3  Books.  Paper 
covers,  t>d.  each ;  cloth,  8d.  each. 

Poetry  for  Upper  Classes.    Selected  by 

E.  A.  HELPS,     is.  6d. 

Books  for  Young  Readers.  Illustrated. 
6<l.  each 

^sop's  Fables 

The  Old  Boat-House,  etc. 

Tot  and  the  Cat,  etc. 

The  Cat  and  the  Hen,  etc. 

The  Two  Parrots     |      The  Lost  Pigs 

The  Story  of  Three  Monkeys 

The  Story  of  a  Cat 

Queen  Bee  and  Busy  Bee    |     Gull's  Crag 

Bell's  Reading  Books.  Continuous 
Narrative  Readers.  Post  8vo.  Cloth. 
Illustrated,  is.  each 

Great  Deeds  in  English  History 
*Adventures  of  a  Donkey 
*Grimm's  Tales 
*Great  Englishmen 
Great  Irishmen 
Andersen's  Tales 
*Life  of  Columbus 
*Uncle  Tom's  Cabin 
*Swiss  Family  Robinson 
*Great  Englishwomen 
Great  Scotsmen 


Bell's  Reading  Books- continued. 

Edgeworth's  Tales 

Scott's  Talisman 

*Marryat's  Children  of  the  New  Forest 
*Dickens'  Oliver  Twist 

Dickens'  Little  Nell 
*Masterman  Ready 

Marryat's  Poor  Jack 

Arabian  Nights 

Gulliver's  Travels 

Lyrical  Poetry  for  Boys  and  Girls 

Vicar  of  Wakefield 
*Scott's  Ivanhoe 

Lamb's  Tales  from  Shakespeare 
*  Robinson  Crusoe 

Tales  of  the  Coast 
*Settlers  in  Canada 

Southey's  Life  of  Nelson 

Sir  Roger  de  Coverley 
*Scott's  Woodstock 
*  Cheaper  editions  of  these  volumes  are  issued  in 

limp  cloth  covers,  6d.  net  each. 

Bell's  Literature  Readers.     Bound  in 

Cloth.    Price  is.  each. 
Deeds  that  Won  the  Empire.     By  W.  H. 

FITCHETT,  B.A.,  LL.D. 
Fights  for  the  Flag.    By  W.  H.  FITCHETT. 
Six  to  Sixteen.     By  Mrs.  EWING. 
We  and  the  World.     By  Mrs.  EWING. 
The  Water-Babies.    By  CHAS.  KINGSLEY. 
The  Last  of  the  Mohicans.    By  J.  FEN  IT 

MORE  COOPER. 
Feats    on    the     Fiord.      By    HARRIET 

MARTINEAU. 

Parables  from  Nature.  By  Mrs.  GATTY. 
The  Little  Duke.  By  CHARLOTTE  YONGE. 
The  Three  Midshipmen.  By  W.  H.  G. 

KINGSTON. 
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Readers — continued. 
Bell's  Geographical  Readers.    By  M.  j. 

BARRINGTON-WARD,  M.A. 
The  Child's  Geography.    Illustrated.  6d. 
The  Round  World.     (Standard  II.)     is. 
About  England.    (Standard  III.)    With 

Illustrations  and  Coloured  Map.    is.^d. 

Bell's  Animal  Life  Readers.    Designed  to 

inculcate  humane    treatment  of  animals. 

Illustrated  by  HARRISON  WEIR  and  others. 

%*  Full  Prospectus  on  application. 

The  Care  of  Babies.     A  Heading  Book 

for  Girls'  Schools.    Illustrated.    Cloth,  is. 

Bell's  History  Readers  on  the  Con- 
centric Method.  Crown  8vo.  Fully 
Illustrated. 

First  Lessons  in  English  History,     xod. 

A  Junior  History  of  England,     is.  6d. 

A  Senior  History  of  England.     2s. 


Abbey  History  Readers.    Revised  by  the 

Rt.  Rev.  F.  A.  GASQUKT,  D.D.     Fully  Illus- 
trated : 

Early  English  History  (to  1066).  is. 
Stories  from  English  History,  1066-1485. 

is.  3d. 

The  Tudor  Period.    (1483-1603).     is.  $d. 
The  Stuart  Period.    (1603-1714).    is.  6d. 
The     Hanoverian     Period.      (1714-1837). 
is.  6d. 

Bell's  History  Readers.  With  numerous 

Illustrations. 

Early  English  History  (to  1066).     is. 
Stories  from  English  History,  1066-1485. 

is.  grf. 

The  Tudor  Period  (1485-1603).  is.  3<i. 
The  Stuart  Period  (1603-1714).  is.  6d. 
The  Hanoverian  Period  (17 14-1837).  is.6d, 


MODERN  LANGUAGES 
French  and  German  Class  Books 


Bell's  French  Course.  By  R.  P.  ATHERTON, 
M.A.  Illustrated.  2  Parts,  is.  (>d.  each. 
Key.  to  the  Exercises,  Part  I.,  6J.  net; 
Part  II.,  is.  net. 

Bell's  First  French  Reader.    By  R.  P. 

ATHERTON,  M.A.     Illustrated,    is. 

The  Direct  Method  of  Teaching  French. 

By  D.  MACKAY,  M.A.,  and  F.  J.  CURTIS, 

PH.D. 

First  French  Book.    K.  net. 
Second  French  Book.    is.  6d.  net. 
Teachers'  Handbook,    is.  net. 
Subject  Wall  Picture  (Coloured),    is.  6d. 

net. 

French  Picture-Cards.    Edited  by  H.  N. 

ADAIR,  M.A.  Drawn  by  MARY  WILLIAMS 
and  M.  MO.VTBARD.  Two  Sets  of  Sixteen 
Cards.  Printed  in  Colours,  with  question- 
naire on  the  back  of  each.  D.  $d.  net  each. 

Bell's    Illustrated    French    Readers. 

Edited  by  O.  H.  PRIOR,  B.A.  Pott  8vo. 
Fully  Illustrated. 

*„*  Full  List  on  application. 

French  Historical  Reader.     By  H.  N. 

ADAIR,  M.A.  Third  Edition,  with  a  new 
Composition  Supplement,  21. ;  or  without 
Supplement,  is.  (>d.  Supplement  separ- 
ately, t>d.  net. 

Stories  and  Anecdotes  for  Translation 

into  French.     By  CARL  HEATH,     is. 

Essentials  of  French  Grammar.     By 

H.  WILSHIRE,  M.A.     is.  fid. 

Gasc's  French  Course 
First  French  Book.    is. 
Second  French  Book.    is.  6d. 
Key  to  First  and  Second  French  Books. 

i ;.  6d.  net. 

French  Fables  for  Beginners,    is. 
Histoires  Amusantes  et  Instructives.  i  s. 
Practical   Guide   to    Modern   French 

Conversation,    a. 
French  Poetry  for  the  Young,    With 

Notes,    it. 


Materials  for  French  Prose  Com- 
position, y.  Key,  2s.  net. 

Prosateurs  Contemporains.   ax. 

Le  Petit  Compagnon;  a  French  Talk- 
Book  for  Little  Children,  is. 

By  the  Rev.  A.  C.  Clapin 
French  Grammar  for  Public  Schools. 

is.  6d.     Key,  $s.  6d.  net. 

French  Primer,    is. 

Primer  of  French  Philology,    i*. 

English  Passages  for  Translation  into 

French,     is.  6d.     Key,  4J.  net. 

A  German  Grammar  for  Public  Schools. 

2S.  6d. 

Spanish  Primer,    is. 

Bell's  First  German  Course.    By  L.  B.  T. 

CHAFFEY,  M.A.    2s. 

Bell's  First  German  Reader.    By  L.  B.  T. 

CHAFFEY,  M.A.     Illustrated,     zs. 

German  Historical  Reader.    By  J.  E. 

MALLIN,  M.A.     2s. 

Buddenbrook :  Ein  Schultag  eines 
Realuntersekundaners.  Edited  by 

].  E.  MALLIN,  M.A.     Illustrated,     zs.  6d. 

Materials  for  German  Prose  Com- 
position. By  Dr.  C.  A.  BUCHHEIM.  41.  6,/. 
A  Key  to  Pts.  I.  and  II.,  3*.  net.  Pts.  III. 
and  IV.,  4J.  net. 

First  Book  of  German  Prose.     Being 

Parts     I.    and    II.    of    the    above,    with 
Vocabulary,     is.  6d. 

Kurzer  Leitfaden  der  Deutschen  Dich- 

tung.     By  A.  E.  COP.     2s.  6d. 

Military  and  Naval  Episodes.    Edited 

by  Professor  ALOYS  WEISS,  PH.D.     35. 

History  of   German   Literature.     By 

Professor  KUNO  FRANCKE.     los.  net 

Handbook  of  German  Literature.    By 

MARY  E.  PHILLIPS,  LL.A.    2s.  (td. 

Practical  German  Grammar.  By  CALVIN 

THOMAS,     s/. 

German  Reader  and  Theme-Book.    By 

CALVIN  THOMAS  and  W.  A.  HARVEY.  4*.  6d. 


Select  Educational  Catalogue 


Gasc's  French  Dictionaries 

FRENCH-ENGLISH  AND  ENGLISH-FRENCH  DICTIONARY.    Large  8vO.    its.M. 
CONCISE  FRENCH  DICTIONARY.     Medium  i6mo.    3j.  6d.    Or  in  Two  Parts.    3).  each. 
POCKET  DICTIONARY  OF  THE  FRENCH  AND  ENGLISH  LANGUAGES.  i6mo.  as.6d. 
LITTLE  GEM  FRENCH  DICTIONARY.     Narrow  8vo.     is.  net.    Limp  leather,     as.  net. 


French  and  German  Annotated  Editions 


Fcnelon.  Aventures  de  Te"lemaque.  By 
C.  ].  DELILLS.  as.  6d. 

La  Fontaine.  Select  Fables.  By  F.  E.  A. 
GASC.  is.  6d. 

Lamartine.  LeTailleur  de  Pierres  de  Saint- 
Point.  By  ].  BOIELLE,  B.-es-L.  is.6d. 

Saintine.     Picciola.     ByDr.Duuuc.    is.6d. 

Voltaire.    Charles XII.   ByL.  DJREY.   is.6d. 

Gombert's  French  Drama.     Re-edited, 

with  Notes,   by  F.  E.  A.  GASC.     Sewed, 

6d.  each. 

Moli&re.  Le  Misanthrope.— L'Avare.— 
Le  BourgeoisGentilhomme. — LeTartuffe. 
— Le  Malade  Imaginaire. — Les  Femmes 
Savantes. — Les  Fourberies  de  Scapin. — 
Les  Pre"cieuses  Ridicules.— L'Ecole  des 
Femmes.  —  L'Ecole  des  Maris.  —  Le 
Medecin  Malgre"  Lui. 

Racine.  La  Th^baide.— Les  Plaideurs.— 
Iphigenie.  —  Britannicus.  —  Phedre.  — 
Esther.— Athalie. 


Comeille.      Lc  Cid.— Horace.— Cinna.— 

Polyeucte. 
Voltaire.     Zaire. 

German  Ballads  from  Uhland,  Goethe, 

and    Schiller.       By    C.    L.     BIKLEFKLD. 
is.  6d. 

Goethe.      Egmont.      By   Professor   R.   W. 
DEERING.    as.  6d. 

Faust.       Erster    Theil.       By    JULIUS 

GOEBEL.       $J. 

Goethe.     Hermann  und   Dorothea.     By  E. 

BELL,  M.A.,  and  E.  WOLFEL.    is.  6d. 
Lessing.      Minna     von      Barnhelm.      By 

Professor  A.  B.  NICHOLS.     as.  6d. 
Schiller.     Wallenstein.     By  Dr.  BUCHHEIM. 

$s.    Or  the  Lager  and  Piccolomini,  as.  6d. 

Wallenstein's  Tod,  as.  6d. 

Maid  of  Orleans.     By  Dr.  W.  WAGNER. 

is.  6d. 

Maria  Stuart.     By  V.  KASTNER.    is.  6d. 


Bell's  Modern  Translations 

A    Series    of    Translations    from    Modern    Languages,    with 
Introductions,  etc.    Crown  8vo.     i$.  each 


Memoirs, 


Dante.     Inferno.    Translated  by  the  Rev. 

H.  F.  GARY,  M.A. 
• Purgatorio.  Translated  by  the  Rev. 

H.  F.  GARY,  M.A. 
Paradise.  Translated  by  the  Rev. 

H.  F.  GARY,  M.A. 
Goethe.  Egmont.  Translated  by  ANNA 

SWANWICK. 

IphigeniainTauris.  Translated  by  ANN  A 

SWANWICK. 
— —  Goetz  von  Berlichingen.    Translated  by 

Sir  WALTER  SCOTT. 
Hermann  and  Dorothea.    Translated  by 

E.  A.  BOWRTNO,  C.B. 
Hauff.    The   Caravan.     Translated    by  S. 

MENDEL. 
The  Inn  in  the  Spessart.    Translated  by 

S.  MENDEL. 
Leasing.    Laokoon.    Translated    by  E.  C. 

BEASLEY. 
Nathan    the     Wise.      Translated     by 

R.  DILLON  BOYLAN. 


Lessing.  Minna  von  Barnhelm.  Translated 
by  ERNEST  BELL,  M.A. 

Molifere.  Translated  by  C.  HERON  WALU 
8  vols.  The  Misanthrope.— The  Doctor  in 
Spite  of  Himself.— Tartuffe.— The  Miser.— 
The  Shopkeeper  turned  Gentleman.— The 
Affected  Ladies.— The  Learned  Women.— 
The  Impostures  of  Scapin. 

Racine.  Translated  by  R.  BRUCE  BOSWELL, 
M.A.  $  vols.  Athalie.— Esther.— Iphi- 
genia. — Andromache. — Britannicus. 

Schiller.  William  Tell.  Translated  by 
Sir  THEODORE  MARTIN- ,  K.C.B.,  LL.D. 
Ne<w  edition,  entirely  re-vised. 

The  Maid  of  Orleans.  Translated  by 

ANNA  SWANWICK. 

Mary  Stuart.  Translated  by  J.  MELLISH. 

Wallenstein's  Camp  and  the  Piccolo- 
mini.  Translated  by  J.  CHURCHILL  and 
S.  T.  COLERIDGE. 

The  Death  of  Wallenstein.  Translated 

by  S.  T.  COLERIDGJS. 


*,*  For  other  Translations  from  Modern  Languages,  see  the  Catalogue  of 
Bobn's  Libraries,  which  will  be  forwarded  on  application. 
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SCIENCE    AND    TECHNOLOGY 

Detailed  Catalogue  sent  on  application 


Elementary  Botany.    By  PERCY  GROOM, 

M.A.,D.Sc.,F.L.S.  WithafS  Illustrations. 

3*.  6d. 
Elementary  Botany.    By  G.  F.  ATKINSON, 

PH.B.     6s. 
The  Physiology  Of  Plants.     By  FREDERICK 

KEEBLE,  M.A.     Crown  8vo.     3*.  £d. 

A  Laboratory  Course  in  Plant  Physio- 
logy. By  W.F.  GANONG,  PH.D.  1s.6d.net. 

The  Botanist's  Pocket-Book.    By  w.  R. 

HAYWARD.   Revised  by  G.C.  DRUCE.  4s.6d. 

An  Introduction  to  the  Study  of  the 
Comparative  Anatomy  of  Animals. 
By  G.  C.  BOURNE,  M.A.,  D.Sc.  With 
numerous  Illustrations,  a  Vols. 

Vol.  I.  Animal  Organization.     The  Pro- 
tozoa and  Ccelenterata.  Revised  Edition.  6s. 
Vol.  II.  The  Coelomata.     45.  6d. 

A  Manual  Of  Zoology.  By  RICHARD  HERT- 
WIG.  Translated  by  Prof.  J.  S.  KINGSLEY. 
Illustrated.  12*.  6d.  net. 

Injurious  and  Useful  Insects.  An  intro- 
duction to  the  Study  of  Economic  Ento- 
mology. By  Professor  L.  C.  MIALL,  F.R.S. 
With  100  illustrations.  3*.  6d. 

An  Introduction  to  Chemistry.   By  D.  S. 

MACNAIR,  PH.D.,  B.Sc.    2s. 
Elementary  Inorganic  Chemistry.    By 

Professor  JAMES  WALKER,  D.Sc.    3*.  6d. 


Introduction  to  Inorganic  Chemistry. 

By  Dr.  ALEXANDER  SMITH.     ^s.  6d.  net. 

Laboratory  Outline  of  General  Chem- 
istry.    By  Dr.  ALEXANDER  SMITH.    2s.  6d. 
General  Chemistry  for  Colleges.     By 

Dr.  ALEXANDER  SMITH.     6s.  6d.  net. 

An  Experimental  Course  in  Physical 

Chemistry.     By  J.  F.   SPENCER,   D.Sc., 
PH.!).     Crown  8vo.     2  vols.     3*.  6d.  each. 

A  Text-book  of  Organic  Chemistry.  By 

WM.  A.  NOYES.     6j.  net. 

A  Three  Years'  Course  in   Practical 

Physics.      By    JAMES  SINCLAIR.     3  vols. 
is.  6d.  each. 

Practical  Electricity  and  Magnetism. 

A   First   Year's   Course.      By   R.    ELLIOT 
STEEL,  M.A.     2s. 

A  Text-Book  of  Gas  Manufacture  for 

Students.     By  JOHN   HORNBY.      Revised 

and  Enlarged.     7/.  6d.  net. 
Turbines.     By  W.   H.  STUART    GARNETT. 

8vo.     $s.  net. 
Electrons.      By  Sir  OLIVER  LODGE,  D.Sc., 

F.R.S.     8vo.     6v.  net. 

Engines  and  Boilers.    By  W.  MCCJUADK. 

Crown  8vo.     Numerous  Ulus.     3*.  6d.  net. 

Exercises  in  Metal  Work.    By  A.  T.  J. 

KERSEY,  A. R.C.Sc.   Crown  8vo.  ij.6i.net. 


Technological  Handbooks 

Edited  by  Sir  H.  TRUEMAN  WOOD 

Specially  adapted  for  candidates   in  the   examinations   of   the    City  and 
Guilds  Institute.     Illustrated 

Woollen  and  Worsted  Cloth  Manufac- 
ture.   By  Prof.  ROBERTS  BEAUMONT. 

[New  Edition  in  preparation. 

Soap    Manufacture.    By    W.    LAWRENCE 
GADD,  F.I.C.,  F.C.S.     $s. 

Plumbing :  its  Principles  and  Practice. 

By  S.  STEVENS  HELLYER.     (s. 

Silk-Dyeing  and  Finishing.    By  G.  H. 

HURST,  F.C.S.    7*,  6d. 

Printing.    A  Practical  Treatise.     By  C.  T. 
JACOBI.    *\s,  6d. 


Cotton   Spinning:    Its   Development, 
Principles,  and  Practice.  By  R.  MARS- 

DEN.       6-f.  6d. 

Cotton    Weaving:    Its   Development, 
Principles,  and  Practice.  By  R.  MARS- 

DEN.       IOS.  6d. 

Coach    Building.      By    JOHN    PHILIPSON, 

M.lNST.M.E.    6s. 
Bookbinding.     By  J.  W.  ZAEHNSDORF.    5*. 

The  Principles  of  Wool  Combing.    By 

HOWARD  PRIESTMAN.    6s. 


Music,  A  Complete  Text-Book  of. 

Prof.  H.  C.  BANISTER.    $s. 


Music 

By  I  Music,  A  Concise  History  of.    By  Rev. 

H.  G.  BONAVIA  HUNT,  Mus,  Doc.    3*.  6d. 


POLITICAL    ECONOMY 

Detailed  List  sent  on  application 


Select  Educational  Catalogue 


MENTAL   AND    MORAL    SCIENCE 


Psychology:  An  Introductory   Manual  for 

University  Students.     By  F.  RYLAND,  M.A. 

With    lists    of    books  for    Students,   and 

Examination     Papers      set     at      London 

University.     4*.  6d. 
Ethics:  An  Introductory  Manual  for  the  use 

of  University  Students.      By  F.  RYLAND, 

M.A.    v.6il. 
Ethics.     By  JOHN   DEWEY  and    JAMES    H. 

Turrs.     8s.  6d.  net. 

Everyday  EthiCS.  By  E.  L.  CABOT.  $s.  net. 
Logic.     An  Introductory  Manual  for  the  use 

of   University  Students.     By  F.    RYLAND, 

M.A.    45.  6d. 

The  Principles  of  Logic.    By  Prof.  H.  A. 

AIKINS,  PH.D.     6s.  6d. 

An    Introduction    to    the    Study   of 

Philosophy.     By  ALICE  OLHHAM.    $s.  net. 


Handbook   of   the    History    of   Phil- 
osophy.    By  E.  BELFORT  BAX.    $s. 
History  of  Modern  Philosophy.    By  R. 

FALCKENBERG.      Trans,    by    Prof.    A.    C. 
ARMSTRONG.     i6s. 

Bacon's  Novum  Organum  and  Advance- 
ment Of  Learning.  Edited  by  J.  DEVEY, 
M.A.  s.f. 

Hegel's  Lectures  on  the  Philosophy  of 

History.     Translated  by  J.  SIBREK,  M.A. 
Small  post  8vo.    $s. 

Kant's  Critique  of  Pure  Reason.  Trans- 
lated by  J.  M.  D.  MEIKLE.TOHN.  5*. 

Kant's  Prolegomena  and  Metaphysical 

Foundations  Of  Science.   Translated  by 
E.  BELFORT  BAX.     $s. 

Locke's  Philosophical  Works.  Edited  by 

J.  A.  ST.  JOHN.     2  vols.     3-f.  6d.  each. 


Modern  Philosophers 

Edited  by  Professor  E.  HERSHEY  SNEATH 


Descartes.  The  Philosophy  of  Des- 
cartes- Selected  and  Translated  by  Prof. 
H.  A.  P.  TORREY.  6j.net. 

Hume.     The    Philosophy    of    Hume. 

Selected,  with  an    Introduction,   by  Prof. 
HERBERT  A.  AIKINS.    4,?.  net. 


By 


Locke.   The  Philosophy  of  Locke. 

Prof.  JOHN  E.  RUSSELL.    4*.  net. 

Keid.    The  Philosophy  of  Reid.    By  E. 

HERSHEY  SNEATH,  PH.D.     6s.  net. 

Spinoza.   The  Philosophy  of  Spinoza. 

Translated  from  the  Latin,  and  edited  with 
Notes  by  Prof.  G.  S.  FULLERTON.    6*.  net. 


HISTORY 


Lingard's  History  of  England.     Newly 

abridged  and  brought  down  to  1902.  By 
DOM  H.  N.  BIRT.  With  a  Preface  by 
ABBOT  GASQUET,  D.D.  With  Maps,  $s. ; 
or  in  2  vols.  Vol.  I.  (to  1485),  is.  6d. 
Vol.  II.  (1485-1902),  3j. 

A  Junior  History  of  England.    By  E. 

NIXON.     Illustrated.     i.f.  6d. 

A  Senior  History  of  England.    By  A. 

McKiLLiAM,  M.A.     CrownSvo.     Illus. 


McKiLLiAM,  M.A.     CrownSvo.     IHus.     a/,         flight  of  the  King  in  1791.     y.  6tl. 

A  Practical  Synopsis  of  English  Hist-   Mignet's  History  of  the  French  Revo- 


The  Foundations  of  Modern  Europe. 

By  Dr.  EMIL  REICH.     $s.  net. 
Life  Of  Napoleon  I.      By  JOHN  HOLLAND 
ROSE,  LITT.D.     2  vols.     los.  net. 

Carlyle's   French    Revolution.     Edited 

by  J.   HOLLAND   ROSE,    LITT.D.      3   vols. 
With  numerous  Illustrations.     15*. 

Michelet's  History  of  the  French  Revo- 
lution from  its  earliest  indications  to  the 
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